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ABSTRACT
A U. S.  G e o l o g i c a l  S ur ve y  t h r e e - d i m e n s i o n a l ,  f i n i t e -  
d i f f e r e n c e  model was used t o  s i m u l a t e  t h e  s t e a d y - s t a t e  
g r o u n d - w a t e r  h y d r o l o g y  o f  t h e  Death  V a l l e y  G r o u n d - W a t e r  
b a s i n ,  l o c a t e d  in s o u t h w e s t e r n  Nevada and D eat h V a l l e y ,  
C a l i f o r n i a .  The t h r e e - l a y e r  model i n c l u d e s  two t r a n s m i s s i v e  
l a y e r s ,  r e p r e s e n t i n g  an upper  voI  c a n i c / a  I I u v i a  I / c a r b o n a t e  
u n i t  and a lower  c a r b o n a t e / v o l c a n i c  u n i t ,  and one l ea k a n c e  
l a y e r .  H o r i z o n t a l  f l o w  is  s i m u l a t e d  In each l a y e r ,  and 
v e r t i c a l  f l o w  is  s i m u l a t e d  between t h e  two l a y e r s .  Recharge  
t o  t h e  Dea th  V a l l e y  Gr o u n d - Wa t e r  b a s i n  is d e r i v e d  f rom  
I n f i l t r a t i o n  o f  p r e c i p i t a t i o n  and r u n o f f ,  and o c c u r s  in t h e  
n o r t h e r n  and e a s t e r n  p a r t s  o f  t h e  modeled a r e a .  D i s c h a r g e ,  
by s p r i n g s  and e v a p o t r a n s p I  r a t i o n , o c c u r s  a t  Ash Meadows,
A l k a l i  F l a t  in s o u t h w e s t e r n  Nevada and Death V a l l e y .  In
g e n e r a l ,  g r o u n d - w a t e r  f l o w s  t o  t h e  s outh  and w e st  f rom
r e c h a r g e  a r e a s  t o  d i s c h a r g e  p o i n t s  in t h e  s o u t h w e s t e r n  p a r t s
o f  t h e  a r e a .  S i m u l a t i o n s  i n d i c a t e  t h a t  t h e  s p a t i a l  
d i s t r i b u t i o n  o f  r e c h a r g e ,  d i s c h a r g e  and h y d r o l o g i c  u n i t s  o f  
low p e r m e a b i l i t y  g e n e r a l l y  c o n t r o l  t h e  movement o f  g r o u n d ­
w a t e r .  S i m u l a t e d  v e r t i c a l  v a r l a t l o n s  in h y d r a u l i c  head a r e  
t h e  r e s u l t  o f  one or  more o f  t h e  f o l l o w i n g :  r e c h a r g e ,  
d i s c h a r g e ,  v e r t i c a l  v a r i a t i o n s  in t r a n s m i s s i v i t y ,  and low 
v e r t i c a l  l e a k a n c e .  S i m u l a t e d  t r a n s m i s s i v i t i e s  r a ng e  f rom
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- 9  20 . 5  t o  2 x10  m / s ,  and s i m u l a t e d  v e r t i c a l  l e a k a n ce  v a l u e s  
r an g e  f rom 2 x 1 0 ” 10 t o  5x10~"17 / s .  A s e n s i t i v i t y  a n a l y s i s  
i n d i c a t e s  t h a t  t h e  amount o f  d i s c h a r g e  a t  Ash Meadows and 
o t h e r  m a j o r  d i s c h a r g e  and r e c h a r g e  a r e a s  c o n t r o l  g r o un d­
w a t e r  f l o w  s y s t e m - w i d e .  In a d d i t i o n  t o  t h e  r e c h a r g e  and 
d i s c h a r g e s  a r e a s ,  a r e a s  wh ic h s h ou l d  be s t u d i e d  in more  
d e t a i  I f o r  a n u c l e a r  w a s t e  s t o r a g e  f a c i  I i t y  s i t i n g  a t  Yucca  
M o u n t a i n ,  Nevada,  i n c l u d e  t h e  a r e a s  o f  t h e  Amargosa D e s e r t  
and C r a t e r  F l a t .
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I n t r o d u c t I  on
Purpose  and Scope
The pu rp os e o f  t h e  Nevada N u c l e a r  Waste  S t o r a g e  
I n v e s t i g a t i o n s  (NNWSI) is t o  e v a l u a t e  a s i t e  in t h e  v i c i n i t y  
o f  Yucca M o u n t a i n ,  Nevada,  f o r  t h e  c o n t a i n m e n t  o f  n u c l e a r  
w a s t e  pr oduced by commerc ia l  n u c l e a r  power p l a n t s .  T h i s  
work is  b e i n g  funded by t h e  U. S. D e p a r t m e nt  o f  Energy (DOE)  
under  I n t e r a g e n c y  Agreement  D E - A I 0 8 - 7 8 E T 4 4 8 0 2  w i t h  t h e  U. S.  
G e o l o g i c a l  S ur v ey  ( U S G S ) . G e o p h y s i c a l ,  g e o c h e m i c a l ,  and 
g e o l o g i c a l  i n v e s t i g a t i o n s ,  i n c l u d i n g  s t u d i e s  o f  t h e  r e g i o n a l  
and l o c a l  g r o u n d - w a t e r  f l o w  system a r e  b e i n g  c on duc ted  a t  
Yucca M o u n t a i n .  Yucca M o u n t a i n  is  one p o t e n t i a l  s i t e  f o r  
t h e  proposed n u c l e a r  w a s t e  r e p o s i t o r y .  The purpose  o f  t h i s  
s t u d y  is t o  d e v e l o p  an u n d e r s t a n d i n g  o f  t h e  r e g i o n a l  f l o w  
system by u s i n g  a USGS t h r e e - d i m e n s i o n a l  d i g i t a l  computer  
model t o  s i m u l a t e  t h e  r e g i o n a l  g r o u n d - w a t e r  f l o w  syst em.  
S p e c i f i c  o b j e c t i v e s  o f  t h e  s t u d y  i n c l u d e d :
1. To e s t i m a t e  t h e  m a g n i t u d e  and d i r e c t i o n  o f  g r o u n d­
w a t e r  movement ,  which w i l l  be used in t h e  
p r e d i c t i o n  o f  r e s i d e n c e  t i m e  f o r  t h e  t r a n s p o r t  o f  
r ad  i onucI  i d e s ,
2 .  t o  e v a l u a t e  t h e  s e n s i t i v i t y  o f  t h e  s i m u l a t e d  
r e g i o n a l  g r o u n d - w a t e r  f l o w  system model t o  changes  
in e s t i m a t e d  hydrogeo I o g i c  p a r a m e t e r s ,  and
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3.  t o  e v a l u a t e  w h e t h e r  or  not  a t h r e e - d i m e n s i o n a l
model can more a c c u r a t e l y  s i m u l a t e  t h e  r e g i o n a l
g r o u n d - w a t e r  f l o w  system t ha n p r e v i o u s l y  d ev e lo p ed
t w o - d i m e n s i o n a l  models  ( W a d d e l l ,  1982;  R i c e  1 9 8 4 ) .
T h i s  s t u d y  was l i m i t e d  t o  t h e  e v a l u a t i o n  o f  s t e a d y - s t a t e
h y d r o l o g i c  c o n d i t i o n s ;  t r a n s i e n t  c o n d i t i o n s  a r e  proposed f o r
f u t u r e  wo rk .
L o c a t i o n  and C l i m a t e
The s t u d y  a r e a  ( f i g u r e  1) is c e n t e r e d  near  l a t i t u d e  3 6°
4 5 ' ,  l o n g i t u d e  1 16°  3 0 ' ,  and i n c l u d e s  an a r e a  o f
2a p p r o x i m a t e l y  1 6 , 2 0 0  km ( k i l o m e t e r s  s q u a r e d ) .
The pr oposed n u c l e a r  w a s t e  r e p o s i t o r y  s i t e  b e i n g  
i n v e s t i g a t e d  by NNWSI would be l o c a t e d  b e ne a t h  Yucca  
M o u n t a i n  ( f i g u r e  2 ) .  The s t u d y  a r e a  is  p a r t  o f  t h e  G r e a t  
B a s i n  p h y s i o g r a p h i c  p r o v i n c e ,  and is  bounded on t h e  n o r t h  by 
P a h u t e  Mesa,  Kawich V a l l e y ,  and t h e  B e l t e d  Range;  t o  t h e  
n o r t h e a s t  by t h e  T i mp ah ut e  Range; t o  t h e  e a s t  by t h e  
P a h r a n a g a t  and Sheep Ranges;  t o  t h e  s o u t h e a s t  by t h e  S p r i n g  
M o u n t a i n s ;  t o  t h e  s outh  by Pahrump V a l l e y  and A l k a l i  F l a t ;  
and t o  t h e  west  by Death  V a l l e y ,  and t h e  F u n e r a l  M o u n t a i n s .  
E l e v a t i o n  r ange s f rom a l m o s t  3 , 6 6 0  m ( m e t e r s  above mean sea  
l e v e l )  in t h e  S p r i n g  M o u n t a i n s  t o  86 m below sea l e v e l  a t  
D eat h VaI  I e y .
The r e g i o n  is  s e m i - a r i d  t o  a r i d ,  w i t h  p r e c i p i t a t i o n
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________  Approx im ate  boundary of
g r o u n d - w a t e r  f low system
Aoorommoto direction oI ground — tor llovf
F i g u r e  1 . — G e n e r a l i z e d  g e o l o g y  o f  t h e  Death  V a l l e y  Gr ound­
w a t e r  B as i n  and l o c a t i o n  o f  s t u d y  a r e a .  "A" is 
t h e  Ash Meadows S u b - b a s i n ,  "B" is t h e  Fu rn ac e  
C r e e k - A I k a I  I F l a t  S u b - b a s i n ,  and "C” is t h e  O as is  
V a l l e y  S u b - b a s i n  ( m o d i f i e d  a f t e r  W a d d e l l ,  1982)
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Base from U.S. Geological Survey
1:230 000, Death V alley. C a li­
fornia: Nevada. 1970
0 5 10 15 KILOMETERS
| _ _  1 , 1 1
0 5 MILES
F i g u r e  2 . — The l o c a t i o n  o f  t h e  proposed s i t e  f o r  a n u c l e a r  
w a s t e  r e p o s i t o r y ,  a t  Yucca M o u n t a i n ,  Nevada.
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r a n g i n g  from less  t ha n  50 mm/yr ( m i l l i m e t e r s  per  y e a r )  a t  
D eat h V a l l e y  t o  g r e a t e r  t ha n  700 mm/yr in t h e  S p r i n g  
M o u n t a i n s  (Hunt  and o t h e r s ,  1 9 6 6 ) .  P o t e n t i a l  
e v a p o t r a n s p I  r a t i o n  r e a c h e s  a maximum o f  3 , 8 0 0  mm/yr in Death  
V a l l e y  (Hunt  and o t h e r s ,  1 9 6 6 ) .
R eg i o n a l  v a r i a t i o n s  in v e g e t a t i o n  a r e  a f u n c t i o n  o f  
e l e v a t i o n  w h i c h ,  in t u r n ,  g e n e r a l l y  c o n t r o l s  t e m p e r a t u r e  and 
p r e c i p i t a t i o n .  Areas  below 1 , 2 2 0  m a r e  do mi na ted  by 
C r e o s o t e  bush,  b u r r o  bush and y u c c a s ,  between 1 , 2 2 0  m t o
1 . 8 3 0  m b l a c k b r u s h  and Joshua t r e e s  may be f o un d ,  and above
1 . 8 3 0  m c o n i f e r  c o m m u n i t i e s  d o m i na t e  ( Winogr ad  and 
T h o r d a r s o n ,  1 9 7 5 ) .
P r e v i o u s  Work
S e v e r a l  i n v e s t i g a t i o n s  have been c o nd u ct ed  in t h e  
v i c i n i t y  o f  t h e  NTS In g e o l o g y ,  h y d r o g e o l o g y ,  g e o c h e m i s t r y ,  
and g e o p h y s i c s .  Work by WI nograd and T h or d a r s o n  ( 1 9 7 5 )  
p r o v i d e s  an e x c e l l e n t  d e s c r i p t i o n  o f  t h e  h y d r o g e o l o g y  o f  t h e  
S o u t h - C e n t r a l  G r e a t  B a s i n .  Much o f  t h e i r  r e s e a r c h ,  which  
f o cus ed  p r i m a r i l y  on t h e  c a r b o n a t e  a q u i f e r s  o f  t h e  a r e a ,  
p r o v i d e s  a b a s i s  f o r  f u r t h e r ,  more l o c a l i z e d  i n v e s t i g a t i o n .  
P a hu t e  Mesa,  u n d e r l a i n  by thousands  o f  m e t e r s  o f  v o l c a n i c  
r o c k s ,  was t h e  f oc us  o f  t h e  s t u d y  by B l a n k e n n a g e l  and Wei r  
( 1 9 7 3 ) .  T h e i r  s t u d y  p r o v i d e s  a f o u n d a t i o n  f o r  f u r t h e r  
s t u d i e s  o f  t h e  v o l c a n i c  a q u i f e r s  in t h e  a r e a .  O t h e r  r e l a t e d
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h y d r o l o g i c  r e p o r t s  in t h e  a r e a  i n c l u d e  s t u d i e s  o f  t h e  
Amargosa D e s e r t  a r e a  ( W a l k e r  and E a k i n ,  1963;  N a f f ,  1 9 7 3 ) ,  
t h e  D eat h V a l l e y  a r e a  ( Hunt  and o t h e r s ,  1966;  P i s t r a n g  and 
K u n k e l ,  1 9 6 4 ) ,  t h e  Ash Meadows a r e a  ( Winogr ad  and Pe ar son ,  
1976;  Wi nogr ad  and T h o r d a r s o n ,  1975;  D u dl ey  and L a r s o n ,
1976;  N a f f ,  Maxey,  Kaufmann,  1 9 7 4 ) ,  t h e  O a s i s  V a l l e y  a r e a  
( Malmberg and E a k i n ,  1962;  W h i t e ,  1 9 7 9 ) ,  t h e  Yucca M ou n t a i n  
Are a  (Wa dde l l  and o t h e r s ,  1 9 8 4 ) ,  and t h e  g e n e r a l  r e g i o n  
(Rush,  1970;  E a k i n ,  S c h o f f ,  and Cohen,  1 9 6 3 ) .
The g e o l o g y  o f  t h e  s t u d y  a r e a  has been i n v e s t i g a t e d  by 
Li pman,  C h r i s t i a n s e n ,  and O'Connor  ( 1 9 6 6 ) ;  Byer s  and o t h e r s  
( 1 9 7 6 a ,  1 9 7 6 b ) ;  O r k i l d  and o t h e r s  ( 1 9 6 8 ) ,  and S c o t t  and Bonk
( 1 9 8 4 ) .  These s t u d i e s  we re  c ond uc ted  on a l a r g e  p a r t  o f  t h e  
a r e a  ar ound and i n c l u d i n g  t h e  NTS, and p r o v i d e  i n f o r m a t i o n  
on t h e  s t r u c t u r e ,  t h e  s t r a t i g r a p h y , and t h e  g e o l o g i c  h i s t o r y  
o f  t h e  a r e a .
H y d r o l o g i c  d a t a  f rom w a t e r  w e l l s ,  e x p l o r a t o r y  d r i l l  
h o l e s  and s p r i n g s  in t h e  s t u d y  a r e a  a r e  c o n t a i n e d  in r e p o r t s  
by T h o r d a r s o n  and o t h e r s  ( 1 9 6 7 ,  1 9 7 1 ) ,  and Wi nogr ad  and
T h o r d a r s o n  ( 1 9 7 5 ) .  Hydrogeo I o g i c  d a t a  c o l l e c t e d  f rom t h e  
Yucca M o u n t a i n  a r e a  a r e  c o n t a i n e d  in r e p o r t s  by Robison  
( 1 9 8 4 ) ,  C r a i g  and Johnson ( 1 9 8 4 ) ,  C r a i g  and o t h e r s  ( 1 9 8 3 ) ,  
T h o r d a r s o n  ( 1 9 8 3 ) ,  T h or d a r s o n  and o t h e r s  ( 1 9 8 4 ) ,  B e n t l e y  
( 1 9 8 4 ) ,  B e n t l e y  and o t h e r s  ( 1 9 8 3 ) ,  W h i t f i e l d  and o t h e r s
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( 1 9 8 4 ) ,  Lobmeyer and o t h e r s  ( 1 9 8 3 ) ,  Lahoud and o t h e r s  
( 1 9 8 4 ) ,  Rush and o t h e r s  ( 1 9 8 3 ,  1 9 8 4 ) ,  and Waddel l  and o t h e r s
( 1984)  .
M o d e l i n g  o f  t h e  r e g i o n a l  g r o u n d - w a t e r  f l o w  system in 
t w o - d i m e n s i o n s  has been done by Waddel l  ( f i n i t e  e l e m e n t ,  
1 9 8 2 ) ,  and by R i c e  ( f i n i t e  d i f f e r e n c e ,  1 9 8 4 ) ,  and on a sub­
r e g i o n a l  s c a l e  by C z a r n e c k i  and Waddel l  ( f i n i t e  e l e m e n t ,  
1 9 8 4 ) .  These r e p o r t s  p r o v i d e d  much o f  t h e  b a s i s  f o r  t h e  
c u r  r e n t  s t u d y .
R eg i o n a l  ge ochemica l  i n v e s t i g a t i o n s  have been c o mp le t ed  
f o r  t h e  c a r b o n a t e  and t u f f a c e o u s  a q u i f e r s  by Wi nograd and 
T h o r d a r s o n  ( 1 9 7 5 ) .  Wa t er  q u a l i t y  o f  t h e  Amargosa D e s e r t  
a r e a  has been s t u d i e d  by C l a a s s e n  ( 1 9 8 3 ) ,  o f  t h e  O a s i s  
V a l l e y  a r e a  by W h i t e  ( 1 9 7 9 ) ,  and o f  Yucca M o u n t a i n  by Benson 
and o t h e r s  ( 1 9 8 3 ) ,  and Benson and M c K i n l e y  ( 1 9 8 5 ) .
G e o p h y s i c a l  s t u d i e s  wh ich  p r o v i d e  i n f o r m a t i o n  on 
s u b s u r f a c e  s t r u c t u r a l  g e o l o g y  i n c l u d e  t h e  Yucca M o u n t a i n —  
C r a t e r  F l a t  a r e a  ( Sny de r  and C a r r ,  1 9 8 2 ) ,  t h e  Timber  
M o u n t a i n  a r e a  (Kane and W e b r i n g ,  1 9 8 1 ) ,  t h e  C a l i c o  H i l l s  
a r e a  (S ny de r  and O l i v e r ,  1981;  Bath and J a h r e n ,  1 9 8 4 ) ,  t h e  
S k u l l  M o u n t a i n  a r e a  ( Pon ce ,  1 9 8 1 ) ,  and t h e  Amargosa D e s e r t  
a r e a  ( H e a l y  and M i l l e r ,  1 9 7 1 ) .
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Hydrogeo I o g i c  S e t t i n g  
The a r e a  o f  s t u d y  is complex g e o l o g i c a l l y  due t o  t h e  
e x t e n s i v e  o v e r p r i n t i n g  o f  a c t i v e  and p a s s i v e  t e c t o n i c  
e v e n t s ,  and a t h i c k  a c c u m u l a t i o n  o f  b a s i n a I  P a l e o z o i c  
s e d i m e n t a r y  r o c k s ,  T e r t i a r y  v o l c a n i c  r o c k s ,  and T e r t i a r y  and 
Q u a t e r n a r y  a l l u v i a l  d e p o s i t s .  Rocks o f  P r e c a m b r i a n - t o -  
H o l o c e n e  age o u t c r o p  in t h e  s t u d y  a r e a  and c o n t r o l  t h e  
r e g i o n a l  g r o u n d - w a t e r  f l o w  syst em.
The g e n e r a l  s t r a t i g r a p h y  o f  t h e  r e g i o n  is summar ized in 
t a b l e  1. A l s o  shown in t a b l e  1 a r e  t h e  m a j or  
h y d r o s t r a t i g r a p h i c  u n i t s  r e f e r r e d  t o  as ( o l d e s t  t o  y o u n g e s t )  
t h e  lower  c l a s t i c  a q u i t a r d ,  t h e  lower c a r b o n a t e  a q u i f e r ,  t h e  
upper  c l a s t i c  a q u i t a r d ,  t h e  upper  c a r b o n a t e  a q u i f e r ,  t h e  
upper  c l a s t i c / v o l c a n i c  a q u i t a r d ,  t h e  t u f f  a q u i f e r s  and 
a q u i t a r d s ,  and t h e  a l l u v i a l  a q u i f e r s  and a q u i t a r d s .  A 
g e n e r a  I i zed geo Iog i c map is shown in f i g u r e  1, and a 
h y d r o g e o l o g i c a l  c r o s s - s e c t i o n  is shown in f i g u r e  3 .  
S t r u c t u r a l  and T e c t o n i c  S e t t i n g
T e c t o n i c a I  I y , t h e  s t u d y  a r e a  has been a f f e c t e d  by 
s e v e r a l  e p i s o d e s  o f  o r og en y  and d e p o s i t i o n .  C o n s t r u c t i o n a l  
t e c t o n i c s  d o mi n at ed  P r e c a m b r i a n  t i m e ,  r e s u l t i n g  in an 
i n t e n s e l y - d e f o r m e d  igneous basement  ( Gr os e  and S m i t h ,  1 9 8 4 ) .  
From L a t e  P r e c a m b r i a n  t o  L a t e  Dev oni an  t i m e ,  s e v e r a l  
t hou san d m e t e r s  o f  s e d i m e n t a r y  r oc ks  we re  d e p o s i t e d .
E R -3 4 0 3 9
T a b l e  1 . — Summary o f  hydrogeo I o g i c  u n i t s ;  t r a n s m i s s i v i t y  is  
in s q u a r e  m e t e r s  per  second ( m o d i f i e d  a f t e r  
W a d d e l I , 1 9 8 2 ) .
H y d r o l o g i c  G e o l o g i c  Age A p p r o x i m a t e
u n i t  u n i t  T r a n s m i s s i v i t y
A I I uv i a 
aqu i f e r
L a c u s t  r i ne 
c o n f  i n i ng 
beds
Tuf  f a c e o us  
aqu i f e r s  
and 
con f i n i n g  
beds
Numerous s t re a m  
and a I Iuv i a I 
f an  depos i t s
Var  i ous I a k e  
bed d e p o s i t s  o f  
s i l t s  and c I  ays
Numerous u n i t s .  
I m p o r t a n t  
aqu i f e r s  i n c I u d e  
P a i n t b r u s h  and 
Ti mber  M o u n t a i n  
T u f f s ,  and b a s a l t s  
and r h y o I  i 11c  
f I ows
Q u a t e r n a r y  
and T e r t i a r y
Q u a t e r n a r y  
and T e r t i a r y
1 x 10 4 t o
T e r t I a r y
5 x 10
< 1 x 10
- 3
- 4
7 x 10“ 5 t o
1 x 10-2
M I nor  
c o n f  i n i ng 
bed
Gran 11 i c s t o c k s C r e t a c e o u s  
t h r o u g h  
Perm i an
( Not reg i onaI  Iy 
s i gn i f i c a n t )
Upper  
c a r b o n a t e  
aqu i f e r
Upper  
c I a s t  I c 
aqu i t a r d
T i pp i pah 
L i mestone
E l e a n a  F o r m a t i o n  
( a r g I  I I i t e ,  
q u a r t z  i t e ,
I I m e s t o n e )
Permian and 
PennsyI  van i an
M I s s I s s  i pp i an 
and L a t e  
Devon i an
( Not reg i onaI  Iy  
s i gn i f i c a n t )
1 x 1 0 - 4
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T a b l e  1 . — Summary o f  hydrogeo I o g i c  u n i t s — C o n t i n u e d .
Hydro Iog i c 
un i t
Geo Iog i c 
un i t
Age Approx imate  
Transm i ss i v i t y
Lower  
c a r b o n a t e  
aqu i f e r
Lower  
c I a s t  i c 
aqu i t a r d
Dev i Is  Ga te  
L i m e s t o n e ,
Nevada F o r m a t i o n ,  
Pogon i p G r o u p , 
Nopah F o r m a t i o n  
Bonanza King  
Format  i o n , and 
C a r r a r a  F o r m a t i o n  
( I imestones and 
do Iom i t e s )
Car  r a r a  
Format  i o n ,
Zabr  i sk i e 
Q u a r t z  i t e ,
Wood Canyon F o r m a t i o n ,  
St  i r I  Ing Q u a r t z  i t e ,  
and J oh n ni e  F o r m a t i o n  
( q u a r t z i t e s  and s h a l e s )
M i d d l e  Cambr 
t o  L a t e  ( ? )  
Devon i an
an 1 x 1 0 - 4
t o  5 x 10 - 1
Ear Iy Cambr i an 
t o  Precambr i an
1 x 1 0 - 4
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I  * * I Tuff, rhyolite |ip^ | Quartzites
Crystalline basement
F i g u r e  3 . — G e n e r a l i z e d  c r o s s - s e c t i o n  o f  t h e
h y d r o s t r a t i g r a p h  Ic u n i t s  in t h e  v i c i n i t y  of  Yucca 
M o u n t a i n ,  Nevada.
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The A n t l e r  o r ogeny  o f  L a t e  D evonian  and M i s s I s s I p p i a n  t i m e  
r e s u l t e d  in t h e  d e p o s i t i o n  o f  t h e  r oc ks  o f  t h e  E I e a n a  
F o r m a t i o n ,  w i t h  s ubs eque nt  d e p o s i t i o n  o f  a m a r i n e  c a r b o n a t e  
sequence d u r i n g  P e n n s y l v a n i a n  and Permi an t i m e  ( Gr os e  and 
S m i t h ,  1 9 8 4 ) .  The S e v i e r  Orogeny o f  M e s o z o i c  age r e s u l t e d  
in e x t e n s i v e  t h r u s t  s h e e t s  w i t h  l a r g e  d i s p l a c e m e n t s  ( Grose  
and S m i t h ,  1 9 8 4 ) .  From a bout  17 mybp ( m i l l i o n  y e a r s  b e f o r e  
p r e s e n t ) ,  B as i n  and Range s t y l e  d e f o r m a t i o n  has d o m i n a t e d ,  
accompanied by e x t e n s i v e  s i l i c i c  v o l c a n i s m  and s t r i k e - s l i p  
f a u l t i n g  ( Gr ose  and S m i t h ,  1 9 8 4 ) .
B as i n  and Range d e f o r m a t i o n  and t h e  a s s o c i a t e d  
v o l c a n i s m  d o m i n a t e  t h e  t o p o g r a p h i c  f e a t u r e s  o f  t h e  s t u d y  
a r e a  ( Gr os e  and S m i t h ,  1 9 8 4 ) .  A c c o r d i n g  t o  D i c k i n s o n  and 
Snyder  ( 1 9 7 9 ) ,  B as i n  and Range d e f o r m a t i o n  o c c u r r e d  in two 
p h a se s .  The f i r s t  phase began d u r i n g  L a t e s t  Eocene t i m e  and 
ended d u r i n g  M i d d l e  Mi o ce ne  t i m e ,  and is a s s o c i a t e d  w i t h  t h e  
s i l i c i c  v o l c a n i c s  o f  t h e  S i l e n t  Canyon and Timber  M o u n t a i n -  
O a s i s  V a l l e y  c a l d e r a  c om pl e x e s .  The second phase o f  b a s i n  
and r ange  e x t e n s i o n a l  t e c t o n i c s  is c h a r a c t e r i z e d  by reduced  
v o l c a n i c  a c t i v i t y ,  and is i m p o r t a n t  in s ha p i n g  p r e s e n t  day 
t o p o g r a p h y .
Super  imposed on B as i n  and Range t e c t o n i c s  is  t h e  
d e v e l o p m e n t  o f  t h e  Wa l k e r  Lane,  a n o r t h w e s t - t r e n d i n g ,  r i g h t -  
l a t e r a l ,  s t r i k e - s l i p  f a u l t  zone l o c a t e d  near  t h e  s o u t h e r n
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N evada— C a l i f o r n i a  b o r d e r  ( S t e w a r t  1967,  1 9 7 8 ) .  The
g e o l o g i c  t i m i n g  o f  s h e a r i n g  in t h i s  b e l t  is not  w e l l  known 
but  a p p e a r s  t o  be r e s t r i c t e d  t o  t h e  C e n o z o i c  Epoch ( S t e w a r t  
1967,  1 9 7 8 ) .  The t o t a l  d i s p l a c e m e n t  a l o n g  t h e  W a l k e r  Lane
is  e s t i m a t e d  t o  be 130 t o  190 km ( k i l o m e t e r s ;  S t e w a r t  1967,  
1 9 7 8 ) .
Two t o p o g r a p h i c  f e a t u r e s  a s s o c i a t e d  w i t h  s h e a r i n g  in 
t h e  W a l k e r  Lane a r e  t h e  Las Vegas V a l l e y  and t h e  Fu r na ce  
C r e e k - D e a t h  V a l l e y  a r e a s .  Las Vegas V a l l e y  a p p e a r s  t o  be 
t h e  s i t e  o f  a m a j o r  r i g h t  l a t e r a l  s hear  zone ( L o n g w e l l ,  
1960)  w i t h  a d i s p l a c e m e n t  o f  44 t o  69 km (Ross and Longwel I  
1 9 6 4 ) .  The en e c h e l o n  r i g h t - I a t e r a  I s t r i k e - s l i p  f a u l t  
system o f  t h e  Fu rn ac e  C r e e k - D e a t h  V a l l e y  a r e a  has an 
e s t i m a t e d  10 t o  80 km o f  o f f s e t  ( R e y n o l d s  1 9 7 4 ) .  A l s o  
a s s o c i a t e d  w i t h  B as i n  and Range e x t e n s i o n  is  l o w - a n g l e  
g r a v i t y  f a u l t i n g  p r e s e n t  a t  B ar e  M o u n t a i n  and Deat h V a l l e y .  
The i m p o r t a n c e  o f  such low a n g l e  g r a v i t y  f a u l t s  is not  w e l l  
u n d e r s t o o d .
Ba s i n  and Range t e c t o n i c  a c t i v i t y  has c o n t i n u e d  t o  t h e  
p r e s e n t ,  as i n d i c a t e d  by h i s t o r i c  o c c u r r e n c e s  o f  f a u l t i n g  i 
t h e  s t u d y  a r e a .  C a r r  ( 1 9 8 2 )  s u g g e s t s  t h a t  B as i n  and Range 
d e f o r m a t i o n  has been d e c r e a s i n g  in t h e  l a s t  few mi I I ion 
y e a r s ,  because t h e  amount o f  o f f s e t  a l o n g  normal  f a u l t s  
d e c r e a s e s  w i t h  d e c r e a s i n g  d ep th  ( o l d e r  u n i t s  show more
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o f f s e t  t h a n  much younger  u n i t s  a t  t h e  s u r f a c e  a l o n g  t h e  same 
f a u I t ) .
H y d r o s t r a t I  graph Ic  U n i t s
C a m b r i a n - P r e c a m b r I  an Rocks— Lower C l a s t i c  A q u i t a r d .  
P r e c a m b r i a n  and Cambr i an r oc k s  c o n s i s t  o f  g r a n i t i c  g n e i s s  
and q u a r t z i t e s  ( Gr os e  and S m i t h ,  1 9 8 4 ) .  Igneous r oc k s  o f  
t h i s  age o u t c r o p  o n l y  in s o u t h w e s t e r n  Deat h V a l l e y  ( f i g u r e  
1, e a s t  s i d e  o f  D eat h V a l l e y ) . The C a m b r i a n - P r e c a m b r i a n  
q u a r t z i t e s  o u t c r o p  around t h e  p e r i m e t e r  o f  t h e  Deat h V a l l e y  
G r o u n d - W a t e r  B as i n  and g e n e r a l l y  d e f i n e  t h e  l i m i t s  o f  t h e  
g r o u n d - w a t e r  f l o w  system ( Winogr ad  and T h o r d a r s o n ,  1975;  
f i g u r e  1 ) .
D e p o s i t i o n a I  I y , t h e  C a m b r i a n - P r e c a m b r i a n  q u a r t z i t e s  
r e p r e s e n t  t e r r i g e n o u s  c l a s t i c  m a t e r i a l s  shed e a s t  t o  west  
o f f  t h e  T r a n s c o n t i n e n t a l  Arch d u r i n g  L a t e  P r e c a m b r i a n  and 
E a r l y  Cambr ian  t i m e  ( Gr os e  and S m i t h ,  1 9 8 4 ) .  These u n i t s  
a t t a i n  t h i c k n e s s e s  o f  up t o  3 , 0 0 0  m in t h e  s t u d y  a r e a .  
Hydrogeo I o g i c a I  I y , t h e s e  r oc k s  c o m p r i s e  t h e  lower  c l a s t i c
_4
a q u i t a r d  and have a t r a n s m i s s i v i t y  o f  a p p r o x i m a t e l y  1 . 0 x 1 0  
2m / s  ( m e t e r s  s qua re d per  second)  due t o  t h e i r  low m a t r i x  and 
f r a c t u r e  p e r m e a b i l i t y  (Wi nogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .
Cambr ian  t o  Upper D ev on i an  Rocks— Lower C a r b o n a t e  
A q u I f e r . C a r b o n a t e  r oc k s  o f  M i d d l e  Cambr i an t o  L a t e  
Dev o ni an  t i m e  c o n s i s t  p r i m a r i l y  o f  l i m e s t o n e s  and d o l o m i t e s
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w i t h  m ino r  o c c u r r e n c e s  o f  q u a r t z i t e s  and s i l t s t o n e s .  These
r o c k s  we r e  d e p o s i t e d  d u r i n g  a t i m e  o f  t e c t o n i c  q u i e s c e n c e
( Gr o se  and S m i t h ,  1 9 8 4 ) .  Rocks o f  Lower P a l e o z o i c  age
c o m p r i s e  t h e  lower  c a r b o n a t e  a q u i f e r  (WI nograd and
T h o r d a r s o n ,  1 9 7 5 ) ,  w i t h  t h e  m a jo r  h y d r o l o g i c  u n i t  b e i n g  t h e
C a r r a r a  F o r m a t i o n  ( o l d e s t ) .  The r oc k s  o f  t h e  lower
c a r b o n a t e  a q u i f e r  a t t a i n  t h i c k n e s s e s  e x c e e d i n g  4 , 7 0 0  m w i t h
- 4  2a t r a n s m i s s i v i t y  r ange  o f  1 . 0 x 1 0  t o  0 . 5  m / s  in t h e  s t ud y
a r e a  ( Wi nogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .  The h i g h  v a l u e  o f
p e r m e a b i l i t y  is due t o  e x t e n s i v e  f r a c t u r i n g  and
k a r s t 1f i c a t i o n  ( Wi nogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .
Upper D ev on i an  t o  M i s s i s s I p p I  an Rocks— Upper C l a s t i c
A q u I t a r d . T e r r i g e n o u s  c l a s t i c  m a t e r i a l  o f  t h e  E l e a n a
F o r m a t i o n  was d e r i v e d  f rom t h e  A n t l e r  H i g h l a n d s  t o  t h e  west
( Gr o se  and S m i t h ,  1 9 8 4 ) .  The E l e a n a  F o r m a t i o n ,  l o c a l l y
p r e s e n t  o n l y  in t h e  v i c i n i t y  o f  t h e  Nevada T e s t  S i t e ,  is
a p p r o x i m a t e l y  2 , 4 0 0  m t h i c k  and has a t r a n s m i s s i v i t y  o f  
- 4  21 . 0 x 1 0  m / s ,  due p r i m a r i l y  t o  a f i n e  g r a i n e d  c o m p o s i t i o n  
and low d e g r e e  o f  f r a c t u r i n g  (Winograd and T h o r d a r s o n ,  
1 9 7 5 ) .  On t h e  b a s i s  o f  t h i s  low p e r m e a b i l i t y ,  wh ich  t e nds  
t o  impede g r o u n d - w a t e r  f l o w ,  t h e  E l e a n a  F o r m a t i o n  is 
c l a s s i f i e d  as t h e  upper  c l a s t i c  a q u i t a r d .  The E l e a n a  
F o r m a t i o n  is not  p r e s e n t  t h r o u g h o u t  t h e  e n t i r e  a r e a ;  
ho wever ,  t o  t h e  s o u t h e a s t ,  l i m e s t o n e s  o f  s i m i l a r  age which
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may c o r r e l a t e  w i t h  t h e  E l e a n a  a r e  p r e s e n t  in t h e  S p r i n g  
M o u n t a i n s  ( W a d d e l l ,  1 9 8 2 ) .
P e n n s y l v a n i a n  t o  Permi an Rocks— Upper C a r b o n a t e  
Aqu i f e r . P e n n s y l v a n i a n  t o  Permian t i m e  was t e c t o n i c a l l y  
q u i e t  a f t e r  t h e  A n t l e r  Orogeny (Gr ose  and S m i t h ,  1 9 8 4 ) .  
T h e r e f o r e ,  c a r b o n a t e  d e p o s i t i o n  ensued,  and t h e  T i p p i p a h
L i m e s t o n e  was formed.  The T i p p i p a h  L i m e s t o n e  is a bout  1 , 1 0 0
- 4  - 2m t h i c k  and has a t r a n s m i s s i v i t y  o f  1 . 0 x 1 0  t o  1 . 0 x 1 0
2m / s  ( Wi nogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .  The T i p p i p a h  
L i m e s t o n e  is  o n l y  o f  mi no r  impo rt anc e  in t h e  s t u d y  a r e a ,  and 
i s  s a t u r a t e d  o n l y  in w e s t e r n  Yucca F l a t ;  i t  c a n no t  be 
d i s t i n g u i s h e d  from t h e  lower c a r b o n a t e  a q u i f e r  i f  t h e  E i e a na  
F o r m a t i o n  is a b s e n t  ( W a d d e l l ,  1 9 8 2 ) .
T e r t i a r y  Rocks— V o l c a n i c  A q u i f e r s  and A q u i t a r d s .  
A p p r o x i m a t e l y  17 mybp, v o l c a n i c  a c t i v i t y  began in t h e  
n o r t h w e s t  p a r t  o f  t h e  s t u d y  a r e a  ( Gr os e  and S m i t h ,  1 9 8 4 ) .  
E x t e n s i v e  v o l c a n i c  a s h - f l o w  s h e e t s  c o v e r  a p p r o x i m a t e l y  o n e-  
t h i r d  o f  t h e  s t u d y  a r e a ,  a t t a i n i n g  a c o m p o s i t e  t h i c k n e s s  o f  
a p p r o x i m a t e l y  4 , 1 0 0  m ( W a d d e l l ,  1 9 8 2 ) .  The v o l c a n i c  roc ks  
a r e  t h e  r e s u l t  o f  m u l t i p l e  e r u p t i v e  e v e n t s  a t  t h e  Timber  
M o u n t a i n - O a s i s  V a l l e y  C a l d e r a  Complex and t h e  S i l e n t  Canyon 
C a l d e r a  ( B y e r s  and o t h e r s ,  1 9 7 6 b ) .
The T e r t i a r y  v o l c a n i c s  may be a q u i f e r s  l o c a l l y  or  
r e g i o n a l l y .  The L i t h i c  R idg e  T u f f ,  s t r a t  I g r a p h i c a I  Iy  a t  t h e
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bo t t om  o f  t h e  v o l c a n i c  s e c t i o n ,  has v a r i a b l e  w e l d i n g  and 
i n t e n s e  a r g i  I I i z a t i o n ; t h i s  u n i t  a c t s  commonly as an 
a q u i t a r d  ( Winogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .  Above t h e  L i t h i c  
R i dg e  T u f f  a r e  s e v e r a l  l a y e r s  o f  i n t e r b e d d e d ,  w e l d ed  a s h -  
f I o w  t u f f  and p a r t i a l l y - w e l d e d  t o  n o n- we ld ed  a s h - f a l l  and 
a s h - f l o w  t u f f .  M a t r i x  p e r m e a b i l i t y  o f  t h e  p y r o c l a s t i c  rocks  
is v e r y  low; however ,  f r a c t u r e  p e r m e a b i l i t y  o f  t h e s e  r ocks
can be v e r y  h i g h  ( B I a n k e n n a g e I  and W e i r ,  1 9 7 3 ) .
- 5  2T r a n s m i s s i v i t i e s  r ange  f rom 7 . 0 x 1 0  m / s  f o r  p a r t i a l l y -
- 2  2we l d e d  t o  n o n -w e l d ed  t u f f  t o  1 . 0 x 1 0  m / s  f o r  w e l d ed  t u f f  
( B I a n k e n n a g e I  and W e i r ,  1 9 7 3 ) .  The more c om p e t e n t  we l de d  
a s h - f l o w  t u f f  t e n d s  t o  f r a c t u r e  In r esp ons e t o  s t r e s s  
c a u s i n g  an I n c r e a s e  In p e r m e a b i l i t y ,  wh er ea s  a s h - f a l l  
m a t e r i a l  t e n d s  t o  de f or m p l a s t i c a l l y ,  t h e r e f o r e  r e t a i n i n g  
i t s  low p e r m e a b i l i t y  ( W i n o g r a d ,  1971;  B l a n k e n n a g e l  and W e i r ,  
1 9 7 3 ) .  Thus,  w e l de d a s h - f l o w  t u f f s  a r e  commonly a q u i f e r s  
and a s h - f a l l  t u f f s  a r e  commonly a q u i t a r d s .
T e r t i a r y  and Q u a t e r n a r y  A l l u v i u m — A l l u v i a l  A q u i f e r s  and 
Aqu i t a r d s . I n t e r m o n t a n e  b a s i n s  have a c c u m u l a t e d  a t h i c k  
s e c t i o n  o f  c o n s o l i d a t e d  and u n c o n s o l i d a t e d  s u r f i c i a l  
m a t e r i a l  (up t o  a p p r o x i m a t e l y  1 , 8 3 0  m ) , as t h e  r e s u l t  o f  
e x t e n s i v e  B a s I n - a n d - R a n g e  f a u l t i n g  (Gr os e  and S m i t h ,  1 9 8 4 ) .  
A r e a s  in wh ich  a l l u v i u m  is  t h i c k  and is i m p o r t a n t  
hydr og eo  Iogl  ea I Iy i n c l u d e  Yucca F l a t ,  Frenchman F l a t ,  t h e
E R - 3 4 0 3
Amargosa D e s e r t ,  Amargosa F l a t ,  Las Vegas V a l l e y ,  A l k a l i
F l a t ,  Pahrump V a l l e y ,  and Death V a l l e y .  T r a n s m i s s i v i t i e s
- 4  2 - 3f o r  a l l u v i a l  d e p o s i t s  r ange  from 1 . 1 x 1 0  m / s  t o  4 . 9 x 1 0
2m / s .  A l l u v i a l  m a t e r i a l  c o n s i s t s  o f  a l l u v i a l  f a n ,  
l a c u s t r i n e ,  f l u v i a l ,  d e b r i s  f l o w ,  and e o l i a n  d e p o s i t s  
(Wi nogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .  C a l c r e t e  h o r i z o n s  a r e  
common t h r o u g h o u t  t h e  r e g i o n ,  and may impede r e c h a r g e  in 
a r e a s  wher e  r u n o f f  can i n f i l t r a t e  t h e  grou nd .  L a c u s t r i n e  
d e p o s i t s  may a c t  as g r o u n d - w a t e r  b a r r i e r s ,  such as a t  Ash 
Meadows ( Winogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .
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H y d r o g e o I o g 1c C o n ce pt u a l  Model o f  t h e  D ea th  V a l l e y
G r ou n d- Wa t er  B as i n  
The s t u d y  a r e a  is t h e  Deat h V a l l e y  G r o u n d - W a t e r  Bas i n  
wh ic h is c o m pr i s ed  o f  t h r e e  g r o u n d - w a t e r  s u b - b a s I n s  ( f i g u r e  
1 ) :  t h e  Ash Meadows S u b - b a s i n ,  t h e  O a s i s  V a l l e y  S u b - b a s i n ,  
and t h e  A l k a l i  F l a t - F u r n a c e  Creek  Ranch S u b - b a s i n .  The 
d e g r e e  o f  v e r t i c a l  and h o r i z o n t a l  h y d r o g e o l o g i c a l  
i n t e r c o n n e c t i o n  between t h e  t h r e e  s u b - b a s i n s  is not  w e l l  
known. C o n c e p t u a l l y ,  t h e  a r e a  w i l l  be a n a l y z e d  as s e v e r a l  
smal l  i n t e r m o n t a n e  g r o u n d - w a t e r  b a s i n s  which  
h y d r o g e o I o g I c a I  Iy  a r e  h o r i z o n t a l l y  and v e r t i c a l l y  c on n ec t ed  
t o  t h e  u n d e r l y i n g ,  r e g i o n a l  g r o u n d - w a t e r  f l o w  system ( f i g u r e
4 )  .
Ba s i n  M a r g i n s
M a r g i n s  f o r  t h e  t h r e e  s u b - b a s i n s  i n c l u d e  t h e  Ash 
Meadows s p r i n g  l i n e ,  and t h e  s p r i n g  l i n e  l o c a t e d  a l o n g  t h e  
e a s t e r n  s i d e  o f  Death  V a l l e y ^ n e a r  Fu rn ac e  C r e e k .  S e v e r a l  
s p r i n g s  emerge a t  Ash Meadows f rom t h e  g r o u n d - w a t e r  f l o w  
system because  o f  t h e  s t r a t i g r a p h i c  b a r r i e r  Imposed on t h e  
lower  c a r b o n a t e  a q u i f e r  by t h e  T e r t i a r y  l a c u s t r i n e  d e p o s i t s  
o f  v e r y  low c o n d u c t i v i t y  caused by a normal  f a u l t  o r i e n t e d  
a l o n g  t h e  s p r i n g  l i n e .  G r o u n d - w a t e r  f l o w  a l o n g  t h e  16 km-  
long Ash Meadows l i n e a r  f e a t u r e  is t ow ar d  A l k a l i  F l a t .  Most  
o f  t h e  f l o w  d i s c h a r g e s  as e v a p o t r a n s p I  r a t i o n . The g r o u n d -
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s w NE
ET
S y s te m  3
R e g io n a l F low  S y s tem
no scale
Explanation
P -  Recharge from precipitation 
R -  Recharge from runoff 
ET -  Discharge due to 
evapotranspiration
S -  Spring discharge
— Ground-water flow direction
K.-aVi Alluvium 
[***1 Tuff, RhyoHte 
H  tI Carbonate rocks
F i g u r e  4 . — C o n c e p t u a l  m o d e l  o f  t h e  D e a t h  V a l l e y  G r o u n d - W a t e r
B a s I n .
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w a t e r  b a r r i e r  a t  Ash Meadows may l e a k ,  a I lowing f o r  g r o un d­
w a t e r  f l o w  d i r e c t l y  i n t o  t h e  A l k a l i  F l a t - F u r n a c e  Cre ek  Ranch 
S u b - b a s 1n .
S p r i n g s  l o c a t e d  a l o n g  t h e  e a s t e r n  s i d e  o f  D ea th  V a l l e y  
near  F u r n a c e  Creek  ( f i g u r e  1) i n d i c a t e  t h e  p r e s e n c e  o f  a 
p a r t i a l  g r o u n d - w a t e r  b a r r i e r  in Death  V a l l e y .  T h r e e  
p o s s i b i l i t i e s  can be h y p o t h e s i z e d :  ( 1 )  t h e  s t r a t o - s t r u c t u r a I  
b a r r i e r  imposed on t h e  lower c a r b o n a t e  a q u i f e r  by t h e  lower  
c l a s t i c  a q u i t a r d  , ( 2 )  t h e  p r e s e n c e  o f  low p e r m e a b i l i t y
f a u l t  gouge a s s o c i a t e d  w i t h  f a u l t s ,  or  ( 3 )  bo th  ( 1 )  and ( 2 ) .
O t h e r  b a s i n  b o u n d a r i e s  a r e  i n f e r r e d  f rom t h e  known or  
h y p o t h e s i z e d  d i s t r i b u t i o n  o f  t h e  lower c l a s t i c  a q u i t a r d .  
However ,  t h e  amount and d i s t r i b u t i o n  o f  g r o u n d - w a t e r  f l o w  
i n t o  and o u t  o f  t h e  b a s i n  is not  w e l l  known and is  assumed 
t o  be s m a l l .  The w e s t e r n  boundary  f o r  t h e  g r o u n d - w a t e r  
b a s i n  is d e f i n e d  by t h e  known or  h y p o t h e s i z e d  p r e s e n c e  o f  
t h e  lower  c l a s t i c  a q u i t a r d .  The n o r t h e r n  b a s i n  boundary  is 
p o o r l y  d e f i n e d  and h y p o t h e s i z e d  t o  be t h e  b a r r i e r  imposed by 
t h e  lower  c l a s t i c  a q u i t a r d  on t h e  p y r o c l a s t i c  r o c k s  t o  t h e  
s o u t h ;  t h i s  s t r a t o - s t r u c t u r a I  r e l a t i o n s h i p  l i m i t s  t h e  amount  
o f  g r o u n d - w a t e r  f l o w  i n t o  t h e  b a s i n  f rom t h e  a r e a  n o r t h  o f  
P a hu te  Mesa.  The t o t a l  amount o f  such f l o w  p l u s  r e c h a r g e  
f rom p r e c i p i t a t i o n  a t  P a hut e  Mesa has been e s t i m a t e d  t o  be
3
2 7 , 0 2 0  m / d  ( m e t e r s  cubed per  day;  B l a n k e n n a g e l  and W e i r ,
E R - 3 4 0 3 22
1 9 7 3 ) .  The e a s t e r n  b a s i n  boundary  is d e f i n e d  by t h e  Sheep 
and t h e  P a h r a n a g a t  Ranges.  G r o u n d - w a t e r  f l o w  o c c u r s  f rom  
e a s t  o f  t h e  P a h r a n a g a t  Range i n t o  t h e  Ash Meadows S u b - b a s i n ,  
and has been e s t i m a t e d  a t  a p p r o x i m a t e l y  35% o f  t h e  d i s c h a r g e  
a t  Ash Meadows ( Winogr ad  and F r ie d m a n ,  1 9 7 2 ) .  The s o u t h e r n  
b a s i n  m a r g i n  is i n f e r r e d  from t h e  known or  h y p o t h e s i z e d  
p r e s e n c e  o f  t h e  lower c l a s t i c  a q u i t a r d ,  a n d / o r  t h e  p r e s e n c e  
o f  low p e r m e a b i l i t y  v o l c a n i c  r o c k s .  G r o u n d - w a t e r  d i s c h a r g e  
a t  A l k a l i  F l a t  is  e v i d e n c e  t h a t  such a b a r r i e r  e x i s t s .
B a s i n  D i s c h a r g e
D i s c h a r g e  f rom t h e  g r o u n d - w a t e r  f l o w  system is  by:  ( 1 )  
s p r i n g  d i s c h a r g e ,  ( 2 )  d i r e c t  e v a p o r a t i o n  f rom b a r e  s o i l  in 
p l a y a s  and o t h e r  a r e a s ,  and e v a p o t r a n s p i r a t i o n  by p l a n t s ,  
and ( 3 )  as g r o u n d - w a t e r  f l o w  o u t  o f  t h e  b a s i n .
Spr i n g s . The two a r e a s  o f  m a jo r  s p r i n g  d i s c h a r g e  
I n c l u d e  Ash Meadows and Death V a l l e y .  The volume o f
3
d i s c h a r g e  a t  Ash Meadows has been e s t i m a t e d  a t  5 7 , 4 1 0  m / d  
( W a l k e r  and E a k i n ,  1 9 6 3 ) .  Much o f  t h e  f l o w  f rom t h e s e  
s p r i n g s  may be l o s t  t o  e v a p o r a t i o n  and e v a p o t r a n s p i r a t i o n  
( Wi n og ra d  and T h o r d a r s o n ,  1 9 7 5 ) .  In Deat h V a l l e y ,  t h e
3
q u a n t i t y  o f  d i s c h a r g e  has been e s t i m a t e d  a t  1 3 , 8 5 0  m /d  
( Hunt  and Mabey,  1 9 6 6 ) .
E v a p o t r a n s p i r a t l o n .  In t h e  v i c i n i t y  o f  A l k a l i  F l a t  and 
O a s i s  V a l l e y ,  p o t e n t i o m e t r I c  s u r f a c e  l e v e l s  a r e  near  or
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above land s u r f a c e .  T h i s  w a t e r  Is d i s c h a r g e d  f rom t h e  
g r o u n d - w a t e r  f l o w  system by e v a p o t r a n s p i r a t i o n . The 
q u a n t i t y  o f  d i s c h a r g e  due t o  e v a p o t r a n s p i r a t i o n  a t  A l k a l i
3
F l a t  was e s t i m a t e d  a t  4 5 , 5 9 0  m / d  ( W a l k e r  and E a k i n ,  1 9 6 3 ) .  
The s e p a r a t i o n  o f  t h e  amount o f  w a t e r  c o n t r  i b u t e d  by s p r i n g  
d i s c h a r g e  f rom Ash Meadows and t h a t  c o n t r i b u t e d  by d i f f u s e  
d i s c h a r g e  near  A l k a l i  F l a t  has not  been d e t e r m i n e d .
D i s c h a r g e  due t o  e v a p o t r a n s p i r a t l o n  in O a s i s  V a l l e y  has been
3
e s t i m a t e d  a t  6 , 7 4 0  m / d  (Malmberg and E a k i n ,  1 9 6 2 ) .
G r o u n d - W a t e r  I n f l o w  and O u t f l o w .  G r o u n d - w a t e r  f l o w  
i n t o  t h e  b a s i n  o c c u r s  f rom t h e  a r e a  n o r t h  o f  P a hu te  Mesa,  t o  
t h e  we st  f rom t h e  P a h r a n a g a t  Range,  and t o  t h e  n o r t h w e s t  
f rom Pahrump V a l l e y .  Flow o u t  o f  t h e  b a s i n s  may oc cur  a l o n g  
t h e  s o u t h e r n  and s o u t h w e s t e r n  b ounda ry ,  however ,  t h e  amount  
o f  such f l o w  is assumed t o  be smal l  ( W a d d e l l ,  1 9 8 2 ) .
Bas i n Rechar ge
As note d by Q u I r I n g  ( 1 9 6 5 ) ,  s o u r c e s  o f  m o i s t u r e  f o r  
s o u t h e r n  Nevada a r e  a f u n c t i o n  o f  se as on .  D u r i n g  t h e  
w i n t e r ,  t h e  m a j o r  m o i s t u r e  s o u r c e  is f rom t h e  west  ( f i g u r e
5)  and,  because  o f  t h e  r a i n - s h a d o w  e f f e c t  caused by t h e  
S i e r r a  Nevada M o u n t a i n s ,  a r e a s  west  o f  a p p r o x i m a t e l y  117°  
l o n g i t u d e  g e t  p r o g r e s s i v e l y  d r i e r .  D u r i n g  t h e  summer 
Monsoon,  t h e  m o i s t u r e  s o u r c e  Is  f rom t h e  s out h  and s torms  
t e n d  t o  t r a c k  t o  t h e  n o r t h  t he n e a s t  t h r o u g h  t h e  s t u d y  a r e a
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F i g u r e  5 . — P r e c i p i t a t i o n  p a t t e r n s  i n  t h e  s o u t h - c e n t r a l  G r e a t
B a s i n  ( a f t e r  Q u i r l n g ,  1 9 6 5 ) .
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( f i g u r e  5 ) .  Thus,  t h r e e  l o n g i t u d i n a l  zones a r e  chosen in 
wh ic h p r e c i p i t a t i o n  is a l o g - l i n e a r  f u n c t i o n  o f  e l e v a t i o n ,  
and a r e  c l a s s i f i e d  as d e f i c i t ,  t r a n s i t i o n a l ,  and ex ce ss  
( F r e n c h ,  1983,  Q u i r i n g ,  1965)  f o r  a r e a s  s out h  o f  3 8 . 5 °
I a t  i t u d e :
| o g i 0 ( p ) = ( 3 . 6 5 x 1CT5 )EI  + 0 . 5 0 5  ( d e f i c i t )
I O 9 1 0 ( P)  = ( 7 *6 8 x 10” 5 ) e i  + 0 . 4 4 6  ( t r a n s i t i o n )
i o g i o ( P )  = ( 9 • 3 3 x 10 - ^ ) EI + 0 . 4 8 6  ( e x c e s s )
where
P is  mean annual  p r e c i p i t a t i o n  in i nches per  y e a r ,  and 
El is  e l e v a t i o n  in f e e t .
The t r a n s i t i o n  zone a p p l i e s  t o  t h e  a r e a  between a bout  116°  
l o n g i t u d e  and 1 17°  l o n g i t u d e ,  t h e  d e f i c i t  zone a p p l i e s  t o
a r e a s  w e s t  o f  1 17°  l o n g i t u d e ,  and t h e  e x ce s s  zone a p p l i e s  t o
a r e a s  e a s t  o f  1 16°  l o n g i t u d e .  A p r e c i p i t a t i o n  map f o r  t h e  
s t u d y  a r e a  ( f i g u r e  6 )  was d e r i v e d  f rom t h e  above  
r e l a t i o n s h i p s ;  t h i s  map was produced f rom model e l e v a t i o n  
d a t a ,  and t h e  z o n a t l o n  and g r i d d i n g  shown in f i g u r e  6 is 
d i s c u s s e d  l a t e r .  The a r e a s  in wh ich  p r e c i p i t a t i o n  is  
g r e a t e r  t h a n  t h e  p o t e n t i a l  e v a p o t r a n s p i r a t l o n  r a t e ,  and 
wh er e  t h e  g e o l o g y  is  f a v o r a b l e  t o  i n f i l t r a t i o n  I n c l u d e  t h e  
S p r i n g  M o u n t a i n s ,  t h e  Sheep Range,  t h e  P a h r a n a g a t  Range,  t h e  
T i mp a h u t e  Range,  t h e  Groom Range and P a hu t e  Mesa.  E a k i n  and 
o t h e r s  ( 1 9 5 1 )  pr oposed a method f o r  e s t i m a t i n g
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EXPLANATION
J Isohyetal contours. Contour interval is 2 cm/yr.
I    Model zone boundary
F i g u r e  6 . — I s o h y e t a l  map showing t h e  a p p r o x i m a t e
d i s t r i b u t i o n  o f  mean annual  p r e c i p i t a t i o n .
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t h e  q u a n t i t y  o f  a r e a l  r e c h a r g e  u s i n g  a r e l a t i o n s h i p  between  
e l e v a t i o n  and p r e c i p i t a t i o n  (a  c e r t a i n  p e r c e n t a g e  o f  
p r e c i p i t a t i o n  c o n t r i b u t e s  t o  r e c h a r g e  de pe nd ing  on 
e l e v a t i o n ) .  Because r e c h a r g e  f rom r u n o f f  may p r o v i d e  a 
l a r g e  s o u r c e  o f  w a t e r ,  and because o f  h i g h l y  v a r i a b l e  
g e o l o g i c a l  c o n d i t i o n s ,  use o f  t h e i r  r e l a t i o n s h i p  is  not  
recommended beyond i n d i c a t i n g  p o t e n t i a l  r e c h a r g e  a r e a s .  
H y d r o c h e m I s t r y
The w a t e r  q u a l i t y  f o r  t h e  v a r i o u s  a q u i f e r s  in t h e  s tudy  
a r e a  is  u n i q u e  and a i d s  in t h e  s e p a r a t i o n  o f  t h e  f l o w  system  
i n t o  d i s c r e t e  l a y e r s .  S c h o f f  and Moore ( 1 9 6 4 )  and Winograd  
and T h or d a r s o n  ( 1 9 7 6 )  r e c o g n i z e  f i v e  h y d r oc he m i ca l  f a c i e s :
( 1 )  sod Ium-potass iurn b i c a r b o n a t e  w a t e r  ( t y p e  A ) ;  ( 2 )  
c a I c ium- magnes iur n b i c a r b o n a t e  w a t e r  ( t y p e  B ) ; ( 3 )  a m i x t u r e  
o f  w a t e r s  o f  t y p e s  A and B ( t y p e  A B ) ; ( 4 )  a p I a y a  f a c i e s  
( t y p e  C ) ; and ( 6 )  sodium s u l f a t e  w a t e r  ( t y p e  D ) .
Wa t er  o f  t y p e  A is c h a r a c t e r i s t i c  o f  g r o u n d - w a t e r  
d e r i v e d  f rom t u f f  a q u i f e r s  and t u f f a c e o u s  a l l u v i u m .  Water  
o f  t y p e  B is  a s s o c i a t e d  w i t h  c a r b o n a t e  r oc k s  and w i t h  
a l l u v i u m  c o n t a i n i n g  p r i m a r i l y  c a r b o n a t e  d e t r i t u s .  Mixed  
f a c i e s  w a t e r  ( t y p e  AB) c o u i d  be due t o  t h r e e  c au se s:  ( 1 )  
movement o f  t y p e  A w a t e r  i n t o  c a r b o n a t e  r o c k s / a l l u v i u m  w i t h  
s ubs e qu en t  d i s s o l u t i o n  o f  c a r b o n a t e  m i n e r a l s ;  ( 2 )  movement  
o f  t y p e  B w a t e r  i n t o  t u f f  r o c k s / a l l u v i u m  w i t h  s ubsequent
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d i s s o l u t i o n  o f  t u f f  m i n e r a l s ,  o r ;  ( 3 )  m i x i n g  o f  t h e  two 
f a c  i e s .
M i x i n g  o f  w a t e r s  o f  t y p e s  A and B o c c u r s  in a r e a s  o f  
r e c h a r g e  and d i s c h a r g e ,  and in a r e a s  o f  v e r t i c a l  l ea ka ge  
( Wi nogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .  For i n s t a n c e ,  in Yucca  
F l a t ,  g r o u n d - w a t e r  in t h e  upper  a I I u v i a  I / t u f f  a q u i f e r  
p e r c o l a t e s  downward t o  t h e  lower c a r b o n a t e  a q u i f e r  as 
i n d i c a t e d  by t h e  p r e s e n c e  o f  t y p e  AB w a t e r .  In a r e a s  o f  
g r o u n d - w a t e r  d i s c h a r g e ,  such as A l k a l i  F l a t ,  t y p e  A w a t e r  
moves upward i n t o  t u f f a c e o u s  r o c k s / a l l u v i u m  r e s u l t i n g  in 
t y p e  AB w a t e r .  S i n c e  t h e  w a t e r  d i s c h a r g i n g  a t  I n d i a n  
S p r i n g s  is  t y p e  B, t h i s  i n d i c a t e s  tha/ t  ground w a t e r  f l o w s  
we st  f rom t h e  I n d i a n  S p r i n g s  a r e a  t 6 w a rd  Ash Meadows, and 
not  e a s t  t o w a r d s  Las Vegas ( Winogr ad  and T h o r d a r s o n ,  1 9 7 5 ) .
A c c o r d i n g  t o  C I a a s s e n  ( 1 9 8 3 ) ,  r e c h a r g e  in t h e  Amargosa  
D e s e r t  may be i n f e r r e d  f rom g r o u n d - w a t e r  q u a l i t y  t h e r e .  The 
c e n t r a l  Amargosa D e s e r t  has a g r o u n d - w a t e r  c h e m i s t r y  lower  
in d i s s o l v e d  s o l i d s  t ha n w a t e r  t o  t h e  s o u t h ,  e a s t  and w e s t .  
C l a a s s e n  pr op os es  t h a t  t h i s  may be due t o  r e c h a r g e  a l o n g  t h e  
F o r t y m i l e  Wash and F o r t y m i l e  Canyon c h a n n e l .  However t h e  
m o de r n- da y  p o t e n t i o m e t r I c  s u r f a c e  In t h i s  a r e a  does not  
i n c l u d e  a r e c h a r g e  mound. The lack  o f  such a g r o u n d - w a t e r  
mound c o u l d  be due t o :  ( 1 )  t h e  h i g h  c o n d u c t i v i t y  o f  t h e  
a l l u v i a l  m a t e r i a l  may r e s u l t  in a r a p i d  d i s s i p a t i o n  o f  t h e
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mound; ( 2 )  t h e  lack o f  d a t a  in t h e  L a t h r o p  Wei Is a r e a  does  
not  g i v e  enough d e t a i l  t o  t h e  p o t e n t  I o m e t r I c  s u r f a c e ;  or  ( 3 )  
r e c h a r g e  no lo nge r  o c c u r s  due t o  a d r i e r  c l i m a t e ,  hence,  
r e c h a r g e  e v e n t s  a r e  r a r e  and r a p i d .
P l a y a  f a c i e s  w a t e r  ( t y p e  D) is v e r y  h i g h  in t o t a l -  
d i s s o l v e d  s o l i d s ,  and is c h a r a c t e r i s t i c  o f  p l a y a  w a t e r s  
wh ic h r e c e i v e  w a t e r  f rom s u r f a c e  r u n o f f  and p r e c i p i t a t i o n ,  
and f rom g r o u n d - w a t e r  d i s c h a r g e  ( Winogr ad  and T h o r d a r s o n ,  
1 9 7 5 ) .  Wa te r  wh ic h c o l l e c t s  in t h e  p I a y a s  e v a p o r a t e s  
r a p i d l y ,  due t o  t h e  e x t r e m e  e v a p o t r a n s p i r a t l o n  r a t e ,  l e a v i n g  
b e h i n d  a l a r g e  amount o f  d i s s o l v e d  c o n s t i t u e n t s .
A n a l y s i s  o f  G r a v i t y  D at a
G r a v i t y  s u r v e y s  have been c o nd uc t ed  o v e r  t h e  e n t i r e  
r e g i o n  o f  t h e  s t u d y  a r e a .  H e a I y  and o t h e r s  ( 1 9 7 1 )  modeled  
t h e  g r a v i t y  f i e l d  in t h e  Amargosa D e s e r t .  The r e s u l t s  
i n d i c a t e  t h a t  a l l u v i a l  m a t e r i a l  in t h e  Amargosa D e s e r t  may 
a t t a i n  a t h i c k n e s s  o f  1 , 2 2 0  t o  1 , 8 3 0  m. A n a l y s i s  o f  g r a v i t y  
s u r v e y s  a l s o  v e r i f y  t h e  e x i s t e n c e  o f  a normal  f a u l t  a t  Ash 
Meadows, and s ug g es t  t h e  e x t e n d i n g  o f  t h i s  f a u l t  n o r t h  i n t o  
F o r t y m i l e  Canyon.  G r a v i t y  s u r v e y s  have been used t o  
e s t i m a t e  a l l u v i a l  t h i c k n e s s  f o r  Yucca F l a t  ( 5 7 0  m ) ; Jackass  
F l a t s  ( 3 2 0  m ) ; and Frenchman F l a t  ( 3 7 0  m ) .
Snyder  and C a r r  ( 1 9 8 2 )  have modeled t h e  g r a v i t y  
measurements  o b s e r v e d  in t h e  C r a t e r  F l a t — Yucca M o u n t a i n
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a r e a .  The r e s u l t s  i n d i c a t e  t h a t  C r a t e r  F i a t  may c o n t a i n  as 
much as 2 , 4 4 0  m o f  v o l c a n i c  r o c k s ,  and may r e p r e s e n t  a 
b u r i e d  c a l d e r a  s t r u c t u r e .  D r i l l  h o l e s  VH-1 and VH-2 in 
C r a t e r  F l a t  do not  s u p p o r t  o r  deny t h e  e x i s t e n c e  o f  t h e  
proposed C r a t e r  F l a t  C a l d e r a .  However ,  basement  r oc k s  a r e  
v e r y  deep and a r e  assumed not  t o  be i m p o r t a n t  in t h e  
h y d r o g e o l o g y  o f  C r a t e r  F l a t .
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G r o u n d - w a t e r  Flow Model o f  t h e  Deat h V a l l e y  
Gr ou n d- Wa t er  B as i n  
The computer  code used f o r  t h e  s i m u l a t i o n  o f  t h e  
h y d r o g e o I o g I c  f l o w  system was t h a t  o f  McDonald and Harbaugh  
( 1 9 8 3 ) .  T h i s  computer  code was chosen because  o f  i t s  
r e l a t i v e l y  e asy  use ,  and because i t  is  t h e  o n l y  w e l l  
documented and v e r i f i e d  computer  code f o r  t h e  s i m u l a t i o n  of  
t h r e e - d i m e n s i o n a l  g r o u n d - w a t e r  f l o w  p r e s e n t l y  a v a i l a b l e .
F i n i t e - D I f  f e r e n c e  Mode I G r i d
The f i n i t e - d i f f e r e n c e  g r i d  ( f i g u r e  7)  f o r  t h e  model was
/
chosen t o  g i v e  good d e f i n i t i b n  t o  t h e  s i m u l a t e d  
p o t e n t i o m e t r i c  s u r f a c e s .  The domi nant  r e g i o n a l  s t r u c t u r a l  
t r e n d  is  n o r t h - s o u t h ,  t h e r e f o r e ,  t h e  model g r i d  is  o r i e n t e d  
t o  c o i n c i d e  w i t h  t h i s  t r e n d .  A d e c r e a s e  in g r i d  s p a c i n g  was 
used in t h e  Yucca M o u n t a i n  a r e a  t o  b e t t e r  d e f i n e  known s t e e p  
gr ad i e n t s .
Model  L a y e r s  and t h e  S p a t i a l  D i s t r i b u t i o n  o f  
T r a n s m i s s i v i t i e s  'and V e r t i c a l  Leakance
In o r d e r  t o  c o n s t r u c t  a t h r e e - d i m e n s i o n a l  model o f  t h e  
Deat h V a l l e y  g r o u n d - w a t e r  b a s i n ,  t h e  o p t i m a l  number o f  
l a y e r s  was d e t e r m i n e d .  Q u a s I - t h r e e - d i m e n s i o n a I  models  use  
one l a y e r  t o  r e p r e s e n t  an a q u i f e r ,  w h i l e  a c t u a l  t h r e e -  
d i m e n s i o n a l  models  employ two or  more l a y e r s  per  a q u i f e r .
The q u e s t i o n  o f  w h e t h e r  t o  use s i n g l e  l a y e r  or  m u l t i p l e
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Finite-difference mesh for 3-D model.
F i g u r e  7 . — F i n i t e  d i f f e r e n c e  g r i d  u s e d  i n  t h e  r e g i o n a l
t h r e e - d i m e n s i o n a l  m o d e l .
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l a y e r  r e p r e s e n t a t i o n  depends on: ( 1 )  s c a l e ,  ( 2 )  t h e
h y d r o g e o l o g i c a l  e v i d e n c e  t h a t  two or  more s e p a r a t e  a q u i f e r  
l a y e r s  e x i s t ,  and ( 3 )  t h e  amount o f  a v a I  I a b I e  t h r e e -  
d i m e n s i o n a l  h y d r o g e o l o g i c a l  d a t a .  S c a l e  f r e q u e n t l y  
d e t e r m i n e s  w h e t h e r  r e g i o n a l  o r  l o ca l  g r o u n d - w a t e r  movement  
is  t o  be s i m u l a t e d .  T r ue  t h r e e - d i m e n s i o n a l  s i m u l a t i o n s  
r e q u i r e  c o n s i d e r a b l y  more d a t a  per  a q u i f e r  t h a n  q u a s i - t h r e e -  
d i m e n s i o n a l  s i m u l a t i o n s .
The i d e n t i f i c a t i o n  o f  t h e  m a jo r  a q u i f e r  systems can be 
d e t e r m i n e d  f rom geochemica l  and h y d r o g e o l o g i c a l  d a t a .  The 
g eoc he mi ca l  d a t a  f o r  t h e  Deat h V a l l e y  G r o u nd - Wa t e r  b a s i n  
i n d i c a t e s  t h r e e  g e n e r a l  t y p e s  o f  g r o u n d - w a t e r  a r e  i m p o r t a n t  
( f i g u r e  8 ) :  ( 1 )  sodi um- pot as si ur n  b i c a r b o n a t e  w a t e r  ( t y p e  A ) ,
( 2 )  ca Ic ium- magnes iur n b i c a r b o n a t e  w a t e r  ( t y p e  B ) , and ( 3 )  
mixed w a t e r  ( t y p e  A B ) . T h e r e f o r e ,  t h r e e  m a j o r  a q u i f e r  
syst ems a r e  i n d i c a t e d :  ( 1 )  a c a r b o n a t e  a q u i f e r ,  ( 2 )  a 
v o l c a n i c  a q u i f e r ,  and ( 3 )  an a l l u v i a l  a q u i f e r .  In a d d i t i o n ,  
h y d r a u l i c  head d a t a  i n d i c a t e  two m a j or  f l o w  systems a r e  
p r e s e n t  ( s e e  f i g u r e s  9a and 9 b ) .  Each system is compr ised  
o f  s e v e r a l  l a y e r s ,  b u t ,  due t o  t h e  lack  o f  t h r e e - d i m e n s i o n a l  
d a t a ,  i n t r a - a q u i f e r  l a y e r s  c a n no t  be w e l l  d e f i n e d .
Two t r a n s m i s s i v e  l a y e r s  a r e  used t o  s i m u l a t e  t h e  
g r o u n d - w a t e r  f l o w  system,  based on t h e  ge ochemica l  and 
h y d r o g e o l o g i c a l  d a t a :  ( 1 )  an upper  l a y e r  c o n s i s t i n g  o f






F i g u r e  8 . — G e n e r a l i z e d  g r o u n d - w a t e r  h y d r o c h e m i s t r y  o f  t h e  
Death  V a l l e y  G r ou nd- Wa te r  Bas in  ( m o d i f i e d  a f t e r  
Wi nograd and T h o r d a r s o n ,  1975;  no s c a l e ) .









§  Manually contoured head, upper layer. Contour Interval is 50 meters. 
 ̂ Datum is sea level.
Model zone boundary
F i g u r e  9 a . — P o t e n t  I o m e t r I c  s u r f a c e  map d e r i v e d  f rom
measurements  made In a l l u v i a l  and v o l c a n i c  
a q u I f e r s .
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§  Manually contoured head, lower layer. Contour interval is 50 meters. 
I Datum is sea leveL
Modal zone boundary
F i g u r e  9 b . — P o t e n t  I o m e t r I c  s u r f a c e  map d e r i v e d  from
m easurements made In  v o l c a n i c  and c a r b o n a t e  
a q u I f e r s .
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v o l c a n i c  r o c k s ,  c a r b o n a t e  r o c k s ,  and a l l u v i u m ,  and ( 2 )  a 
lower  l a y e r  c om pr is e d  p r i m a r i l y  o f  v o l c a n i c  and c a r b o n a t e  
r oc k s  ( f i g u r e  1 0 ) .  V e r t i c a l  movement o f  w a t e r  is c o n t r o l l e d  
by a l e a k a n c e  l a y e r .  The m a g n i t u d e  o f  I e a k a n c e  is r e l a t e d  
t o  t h e  t h i c k n e s s  and c o n d u c t i v i t y  o f  t h e  a q u i f e r  l a y e r s ,  and 
t o  t h e  p r e s e n c e  o f  i n t e r v e n i n g  a q u i t a r d s .  T h e r e f o r e ,  t h e  
l e a k a n c e  l a y e r  does not  r e p r e s e n t  a s i n g l e  or  s e v e r a l  
h y d r o g e o l o g i c a l  u n i t s ,  r a t h e r  i t  r e p r e s e n t s  t h e  c o m p o s i t e  
e f f e c t  o f  a q u i f e r  t h i c k n e s s  and v e r t i c a l  c o n d u c t i v i t y ,  and 
t h e  p r e s e n c e  o f  low p e r m e a b i l i t y  a q u i t a r d s .  F i g u r e  10 is a 
d i a g r a m m a t i c  m a t h e m a t i c a l  r e p r e s e n t a t i o n  o f  t h e  c o n c e p t u a l  
model ( f i g u r e  4 )  . The g e o l o g y  o f  each o f  t h e  l a y e r s  was 
d e r i v e d  f rom s u r f a c e  and s u b s u r f a c e  g e o l o g i c a l  i n f o r m a t i o n ,  
and g e o p h y s i c a l  and geochemica l  d a t a .  The upper  l a y e r  
( f i g u r e  11a)  has a c a r b o n a t e  p r o v i n c e  t o  t h e  e a s t ,  a 
v o l c a n i c  p r o v i n c e  t o  t h e  n o r t h  ( T i mb er  M o u n t a i n  and 
v i c i n i t y ) ,  and a l l u v i u m  t o  t h e  sout h ( t h e  Amargosa D e s e r t ) .  
The lower  l a y e r  ( f i g u r e  11b) has a c a r b o n a t e  p r o v i n c e  t o  t h e  
e a s t ,  and in t h e  sout h  ( t h e  Amargosa D e s e r t ) ,  and a v o l c a n i c  
p r o v i n c e  t o  t h e  n o r t h  ( T i mb er  M o u n t a i n  and v i c i n i t y ) .
The p r i m a r y  c o n t r o l  on g r o u n d - w a t e r  movement in t h e  
s t u d y  a r e a  Is  t h e  d i s t r i b u t i o n  o f  I o w - p e r m e a b i I i t y  
h y d r o g e o I o g i c  u n i t s .  The d i s t r i b u t i o n  o f  low p e r m e a b i l i t y  
u n i t s  is c o n t r o l l e d  by s t r u c t u r e ,  i n c l u d i n g  low p e r m e a b i l i t y
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Upper transmissive layeri
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h v M  Tuff, Rhyolite 
F" "i 1 Carbonate rocks
flow direction
F -  Specified  flux
F i g u r e  1 0 . — T r a n s l a t i o n  o f  t h e  c o n c e p t u a l  m o d e l  ( f i g u r e  4)
i n t o  a t w o - l a y e r  m a t h e m a t i c a l  r e p r e s e n t a t i o n .








> v . ;  ;  I * \*> < :*














F i g u r e  1 1 a . — G e n e r a l i z e d  g e o l o g y  o f  t h e  u p p e r  m o d e l  l a y e r
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Quaternary ,_, , Paleozoic
Alluvial and Locustrtne doposlts S m J  Carbonates, undifferentiated
Tertiaryy, Aehfal l  and Ashflow tuffs, and Rhyollte Eleana Formation,.argillite 
Quartzttes
F i g u r e  1 1 b . — G e n e r a l i z e d  g e o l o g y  o f  t h e  l o w e r  m o d e l  l a y e r
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f a u l t s  and f r a c t u r e s .
The g e o l o g i c  maps wer e  t he n t r a n s l a t e d  i n t o  
hydr ogeo I o g I c  zones w i t h i n  t h e  modeled a r e a ,  w i t h  
c o n s i d e r a t i o n  g i v e n  t o  s t r u c t u r e  ( f i g u r e s  12a and 1 2 b ) .  
Because o f  t h e  g e n e r a l  v e r t i c a l  c o n t i n u i t y  o f  s t r u c t u r e ,  t he  
z o n a t i o n  o f  t h e  upper  and lower  l a y e r s  and t h e  l e a k a n ce  
l a y e r  a r e  a l l  t h e  same. For t h e  upper  l a y e r ,  low 
p e r m e a b i l i t y  zones a r e  r e p r e s e n t e d  by zones 2 8 ,  2 3 ,  3,  18,
10,  14,  11,  and 16.  For t h e  lower l a y e r ,  low p e r m e a b i l i t y
zones a r e  r e p r e s e n t e d  by zones 28,  2 3 ,  3 ,  2,  18,  5 ,  10,  14,
11,  and 16.  I n i t i a l  v a l u e s  f o r  t r a n s m i s s i v i t i e s  we r e  t a k en
from Waddel l  ( 1 9 8 2 ) ,  and f rom C z a r n e c k i  and Waddel l  ( 1 9 8 4 )
as a p p r o p r i a t e .  Because I i t t I e  I n f o r m a t I  on c o u l d  be
o b t a i n e d  f o r  v e r t i c a l  l e a k a n c e  e s t i m a t e s ,  an i n i t i a l  v a l u e  
- 1  2o f  10 / s  ( p e r  second)  was a s s i g n e d  t o  a i l  v e r t i c a l  
l e a k a n c e  nodes.
Boundary  C o n d i t i o n s
The e n t i r e  e x t e r n a l  boundary  f o r  t h e  model is n o - f l o w ,  
and is  e q u i v a l e n t  t o  t h a t  used by Waddel l  ( 1 9 8 2 ) .  Ground  
w a t e r  e n t e r i n g  t h e  f l o w  system from o u t s i d e  t h e  modeled a r e a  
is i n c l u d e d  as r e c h a r g e  t o  t h e  upper  l a y e r  in zones 31 and 
32 a l o n g  t h e  model p e r i m e t e r  ( f i g u r e  1 2 a ) .  I n - f l o w  f rom t h e  
n o r t h  is assumed t o  equal  o u t - f l o w  t o  t h e  s out h  and is  not  
i n c l u d e d  in t h e  m ode l .  One c o n s t a n t  head node ( i n  zone 30 ,
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_ _  Quaternary 





r  *  *  Ashfall and Ashflew tuffs, and Rhyollte
t Paleozoic
Carbonates, und ifferentiated
^d->~-j Eleono rorm atton, a rg illite
79 K lte m e te re
Q uartzites
Specified Fluxes
Recharge, from  direct precipitation  
J  and runoff
Discharge, from  springe and
12
evapotranspiration  
Model zone boundary and number
Constant Head Node
F i g u r e  1 2 a . — H y d r o g e o  I o g I c  c l a s s i f i c a t i o n  o f  g e o l o g i c  u n i t s
i n  t h e  u p p e r  m o d e l  l a y e r .
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^  . EXPLANATION
Quaternary
^ q v | Alluvial and LOcustrlna deposits Q uortzltot
Tertiary
f  ■> *  -| Ashfall and Ashflow tuffs. and Rhyollta ^  Modal zona boundary and num bar
  Paleozoic
f I * j C arbonata*r undiffarantlatad
Elaana form ation , arg llllta
F i g u r e  1 2 b . — H y d r o g e o  I o g I c  c l a s s i f i c a t i o n  o f  g e o l o g i c  u n i t s
I n  t h e  l o w e r  m o d e l  l a y e r .
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upper  l a y e r )  is used f o r  model s t a b i l i t y  ( f i g u r e  1 2 a ) .  
R ec har ge  and D i s c h a r g e
A e r i a l l y  d i s t r i b u t e d  r e c h a r g e  f rom i n f i l t r a t i o n  o f  
p r e c i p i t a t i o n  is  a p p l i e d  t o  h i g h l a n d  a r e a s .  The 
d i s t r i b u t i o n  and i n i t i a l  v a l u e s  o f  r e c h a r g e  we re  d e r i v e d  
f rom Waddel l  ( 1 9 8 2 ;  f i g u r e  1 2 a ) .  I n i t i a l  e s t i m a t e s  o f  
r e c h a r g e  f rom r u n o f f ,  a p p l i e d  t o  zones 19 and 4 0 ,  we re  
d e r i v e d  f rom C z a r n e c k i  and Waddel l  ( 1 9 8 4 ) .  D i s c h a r g e  o cc ur s  
as e v a p o t r a n s p i r a t i o n  and s p r i n g s .  B as i n  d i s c h a r g e  is  
s i m u l a t e d  by n e g a t i v e  f l u x e s  ( f i g u r e  1 2 a ) .  D i s c h a r g e  v a l u e s  
w e r e  d e r i v e d  f rom Waddel l  ( 1 9 8 2 ) .
S t e a d y - S t a t e  G r ou n d- Wa t er  Flow E q u a t i o n
The e q u a t i o n  used t o  model c o n s t a n t - d e n s i t y , s a t u r a t e d ,  
l a m i n a r ,  s t e a d y - s t a t e ,  t h r e e - d i m e n s i o n a l  g r o u n d - w a t e r  f l o w  
i n porous med i a i s :
wher e
x ,  y ,  and z a r e  c a r t e s i a n  space c o o r d i n a t e s  ( L ) ; 
h is h y d r a u l i c  head ( L ) ;
K x x , Kyy,  and Kzz a r e  h y d r a u l i c  c o n d u c t i v i t i e s  in t h e  
x ,  y ,  and z d i r e c t i o n s ,  r e s p e c t i v e l y  ( L / T ) ;
W is some f u n c t i o n  o f  space and head,  a n d / o r  
r e p r e s e n t s  s o u r c e s  and s i n k s  o f  w a t e r  ( / T ) .
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Model R e s u l t s
CaI  i b r a t  I on
C a l i b r a t i o n  o f  t h e  g r o u n d - w a t e r  model is  based  
p r i m a r i l y  on measurements  o f  head,  and s e c o n d a r i l y  on 
measurements  o f  t r a n s m i s s i v i t y .  The c l o s u r e  c r i t e r i o n  f o r  
model s i m u l a t i o n s  was s e t  t o  0 . 0 0 1  m between computer  model  
i t e r a t i o n s .  The p r i m a r y  goal  o f  t h e  c a l i b r a t i o n  p r o c e s s  is  
t o  m i n i m i z e  t h e  r e s i d u a l  heads.  R e s i d u a l  head is  t h e  
d i f f e r e n c e  between s i m u l a t e d  head and head measured a t  some 
w e l l  l o c a t i o n  ( o b s e r v e d  h e a d ) :
R i . J , k  = h s i . J , k  ~ h o i , j , k
wher e
i ,  j ,  k a r e  I n d i c e s  o f  c e l l  ( l , j )  in l a y e r  k;
R is t h e  r e s i d u a l  in c e l l  ( i , j )  in l a y e r  k;
hs is t h e  s i m u l a t e d  head in c e l l  ( i , j )  in l a y e r  k;  and
ho is t h e  o b s e r v e d  head In c e I  I ( i , J )  in l a y e r  k .
N o te  t h a t  t h e  l o c a t i o n  o f  t h e  o b s e r v a t i o n  we I I is not  equal  
t o  t h a t  o f  t h e  c e n t e r  o f  t h e  c e l  I . I f  more t ha n  one we I I 
r e s i d e s  w i t h i n  a c e l  I , one o f  t h e  we I Is  may be chosen as a 
r e p r e s e n t a t i v e  v a l u e ,  or  an a v e r a g e  o f  t h e  o b s e r v a t i o n s  can  
be used.  For  t h i s  s t u d y ,  a r e p r e s e n t a t i v e  v a l u e  was chosen  
( v a l u e  c l o s e s t  t o  t h e  c e l l  c e n t e r ) .  For  t h e  v e r t i c a l  c as e:
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wher e
Rv Is t h e  r e s i d u a l  between c e l l s  a t  ( i , J )  In l a y e r  k 
and k - 1 ;
hs is t h e  s i m u l a t e d  head in c e l l  ( i , j )  in l a y e r  k and 
k - 1 ; and
ho is  t h e  o b se r v e d  head in c e l l  ( i , j )  in l a y e r  k and 
k- 1  .
A n o t h e r  goal  o f  t h e  c a I  i b r a t  ion p r o c e s s  is t o  have a
random d i s t r i b u t i o n  o f  r e s i d u a l s .  The random d i s t r i b u t i o n
c r i t e r i o n  is  d i f f i c u l t  t o  meet  because o f  t h e  c l u s t e r e d
n a t u r e  o f  o b s e r v a t i o n  w e l l s ,  and t h e  d i v e r s i t y  o f  boundary
c o n d i t i o n s  due t o  s t r u c t u r e  and l i t h o l o g y .
S i m u l a t e d  P o t e n t l o m e t r  ic  S u r f a c e s ,  V e r t i c a l  Head
D i s t r i b u t i o n ,  and R e s i d u a l  Heads
S i m u l a t e d  heads o f  t h e  upper  model l a y e r  ( f i g u r e  13a)
- 4  - 3r an ge  f rom 20 t o  1 , 6 5 0  m. Low g r a d i e n t s  ( 1 0  t o  10 m/m)
a r e  commonly a s s o c i a t e d  w i t h  h i gh  t r a n s m i s s i v i t y  zones
( c a r b o n a t e ,  and v o l c a n i c  r o ck s  and a l l u v i u m ) .  High  
- 2 - 1g r a d i e n t s  ( 1 0  t o  10 m/m) a r e  a s s o c i a t e d  w i t h  low
t r a n s m i s s i v i t y  zones and r e c h a r g e  or  d i s c h a r g e  zones
( v o l c a n i c  r o c k s ,  l a c u s t r i n e  d e p o s i t s ,  q u a r t z i t e s  and low
p e r m e a b i l i t y  f a u l t  z o n e s ) .
S i m u l a t e d  heads o f  t h e  lower  model l a y e r  ( f i g u r e  13b)
- 4  - 3r a n ge  f rom 650 t o  1 , 5 5 0  m. Low g r a d i e n t s  ( 1 0  t o  10 m/m)
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^  Simulated potentiometric surface, upper layer. Contour 




F i g u r e  1 3 a . — S i m u l a t e d  p o t e n t i o m e t r i c  s u r f a c e  f o r  t h e  u p p e r
mode I I a y e r .
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O Simulated potentiometric surface, lower layer. Contour 
interval is 50 meters. Datum is sea level.
Model zone boundary
F i g u r e  1 3 b . — S i m u l a t e d  p o t e n t i o m e t r i c  s u r f a c e  f o r  t h e  l o w e r
mode I I a y e r .
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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a r e  a s s o c i a t e d  commonly w i t h  h i gh  t r a n s m i s s i v i t y  zones
- 2  - 1( c a r b o n a t e  r o c k s ) ;  h i g h  g r a d i e n t s  ( 1 0  t o  10 m/m) a r e  
a s s o c i a t e d  w i t h  low t r a n s m i s s i v i t y  zones ( v o l c a n i c  r o c k s ,  
a r g i l l i t e ,  q u a r t z i t e s ,  and low p e r m e a b i l i t y  f a u l t  z o n e s ) .
S i m u l a t e d  d i f f e r e n t i a l ,  v e r t i c a l  heads ( f i g u r e  13 c ; 
upper  model l a y e r  heads minus lower m o d e l • l a y e r  heads)  range  
f rom 0 t o  650 m. Low v e r t i c a l  g r a d i e n t s  a r e  commonly 
a s s o c i a t e d  w i t h :  ( 1 )  low t r a n s m i s s i v i t y  c o n t r a s t  zones  
( t a b l e  2;  a l l u v i u m / c a r b o n a t e  a r e a s  and some 
v o l c a n i c / v o l c a n i c  a r e a s ;  " t r a n s m i s s i v i t y  c o n t r a s t "  is  used 
h e r e  t o  i n d i c a t e  t h e  r e l a t i v e  d i f f e r e n c e  between t h e  upper  
and lower  model l a y e r  t r a n s m i s s i v i t i e s ) ,  a n d / o r  ( 2 )  h i gh  
v e r t i c a l  l e a k a n c e  zon es .  H igh v e r t i c a l  g r a d i e n t s  a r e
a s s o c i a t e d  w i t h  one or  more o f  t h e  f o l l o w i n g :  ( 1 )  h i gh
t r a n s m i s s i v i t y  c o n t r a s t  zones ( g e n e r a l l y  voI  c a n i c / v o I  c a n i c  
a r e a s ,  v o l c a n i c / a r g i l l i t e  a r e a s ,  v o l c a n i c / c a r b o n a t e  a r e a s ,  
and a l l u v i u m / c a r b o n a t e  a r e a s ) ,  ( 2 )  low v e r t i c a l  l e a k a nc e  
z o n es ,  and ( 3 )  r e c h a r g e / d i s c h a r g e  zon es .  T r a n s m i s s i v i t y  
c o n t r a s t  is i m p o r t a n t  in zones 11,  and 38;  low v e r t i c a l
l e a k a n c e  is  i m p o r t a n t  in zones 21,  and 40 ;  r e c h a r g e  or
d i s c h a r g e  e f f e c t s  a r e  I m p o r t a n t  in zones 39 ,  2 4 ,  18,  2 7 ,  25,
and 26 ;  and a c o m b i n a t i o n  o f  t h e s e  f a c t o r s  a r e  i m p o r t a n t  in 
zones 4 0 ,  19,  13,  3 0 ,  29 ,  and 7 .
F i g u r e s  14a t h r o u g h  14c  show t h e  a b s o l u t e  v a l u e  o f
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Simulated vertical hydraulic gradient, positive indicates 
j  downward potential. Contour interval is variable, meters. 
Datum is sea level.
Model zone boundary
tiroo'r
F i g u r e  1 3 c . — S i m u l a t e d  v e r t i c a l  d i f f e r e n c e  between upper  and 
lower  model l a y e r  heads.
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T a b l e  2 . — s i m u l a t e d  model t r a n s m i s s i v i t i e s ,  l i t h o l o g y ,  and
t r a n s m i s s i v i t y  c o n t r a s t .
[ T ,  t r a n s m i s s i v i t i e s  ( s q u a r e  m e t e r s  per  s e c o n d ) ;  Q a I , 
Q u a t e r n a r y  a l l u v i u m ;  Tv,  T e r t i a r y  v o l c a n i c  r o c k s ;  Pzc,  
P a l e o z o i c  c a r b o n a t e  r o c k s ;  MDe, E l e a n a  F o r m a t i o n ;  Pzq,  
P a l e o z o i c  q u a r t z i t e  r o c k s ;  r ,  r e c h a r g e ;  d,  d i s c h a r g e ;  I ,  
l a c u s t r i n e  d e p o s i t s ;  / ,  mixed m a t e r i a l s  zone ( u p p e r / I o w e r ) ;  
C o n t r a s t ,  r a t i o  o f  upper  t o  lower model l a y e r  
t ransm i ss i v i t  i e s ]
Zone
T,  upper  
mode I 
I a y e r
T,  lower  
mode I 
I a y e r
L i t h o I o g y  
upper  lower  
l a y e r  l a y e r
C o n t r a s t
1 2 . 9 x 1 0 ” 3 2 . 9 x 1 0 “ 3 Tv Tv 1 .0
2 5 . 5 x 10 - 5 2 . 7 x 1 0 “ 5 Q a I / T v Pzq 2 . 0
3 3 . 5 x 10 - 6 7 . Ox 10 “ 7 Pzq Pzq 5 . 0
4 2 . 1x10- 3 2 . 1 x 10 “ 3 Pzc Pzc 1 . 0
5 3 . 9 x 1 0 “ 6 3 . 9 x 10 “ 8 Tv MDe 1 0 0 . 0
6 8 . 5 x 1 0 - 2 4 . 2 x 10“ 1 Pzc Pzc 0 . 2
7 9 . 3 x 1 0 " 4 9 . 3 x 1 0 “ 4 Tv Tv 1 .0
8 6 . 1 x 10 - 3 3 . Ox 10 “ 4 Qa I Pzc 2 0 . 0
9 5 . 4 x 1 0 “ 1 2 . 7 x 10“ 1 Qa I Pzc 2 . 0
10 9 . 3 x 10 - 5 9 . 3 x 10 “ 6 Pzq Pzq 1 .0
1 1 1 . 9 x 1 0 " 4 1 . 9 x 10 “ 4 Pzq Pzq 1 .0
12 1 . Ox 10 - 3 1 . Ox 10 “ 3 Pzc Pzc 1 .0
13 1 . 3 x 10 - 2 3 . 2 x 1O- 3 P z c ( d ) Pzc 4 . 0
14 9 . 3 x 10 “ 6 9 . 3 x 10 - 7 Pzq Pzq 1 0 0 . 0
15 1 . Ox 10 “ 2 1 . 2 x 10 - 3 Pzc Pzc 8 . 0
16 1 . 7 x 1 0 “ 4 7 . 6 x 10 “ 5 Q a l / T v Tv 2 . 5
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T a b l e  2 . — S i m u l a t e d  model t r a n s m i s s i v i t i e s . . . — C o n t i n u e d .
T,  upper  T,  lower L i t h o l o g y
Zone model model upper  lower  C o n t r a s t
l a y e r  l a y e r  l a y e r  l a y e r
17 4 . 5 X 1 0 “ 5 1 . 2 x 1 0 - 5 Tv Tv 3 . 6
18 3 . 5 x 1 0 “ 5 3 . 5 x 1 0 " 6 P z q ( r ) Pzq 1 .0
19 3 . 9x 1 0 ”*2 4 . Ox 10 - 2 Q a I / T v ( r ) Pzc 1 .0
20 2 . 2 X1 0- 3 2 . 2 x 1 0 “ 3 Tv Tv 1 .0
21 4 . Ox 10 - 5 1 . Ox 10 - 6 Pzc Pzc 4 . 0
22 8 . 5 x 1 0 “ 3 5 . 3 x 1 0 - 4 Tv Tv 1 6 . 0
23 2 . 3 x 1 0 “ 4 1 . 3 x 10 - 6 Q a I ( I ) Pzq 1 7 . 4
24 1 . 2x1 O'”4 6 . 2 x 1 0 “ 5 Tv(  r ) Tv 2 .0
25 2 . 1 x 1 0 " 3 2 . 1 x 1O” 3 P z c ( r ) Pzc 1 .0
26 3 . 2 x 1 0 - 2 4 . Ox 1O” 3 P z c ( r ) Pzc 8 . 0
27 2 . 1 X 10 - 3 2 . 2 x 10 - 3 P z c ( r ) Pzc 1 .0
28 1 . 5 x 1 0 ~ 9 1 . 5 x 1 0 ” 9 Tv Tv 1 .0
33 3 . 7x1 O'”2 2 . 1 x 10'"4 Tv Pzc 1 7 3 . 6
34 3 . 7 x 1 0 ~ 2 3 . 7 x 10 - 2 Tv Pzc 1 . 0
35 1 . 4 x 1 0 “ 4 1 .4x1 O'"4 Tv Tv 1 .0
36 1 . 4 x 1 0 “ 4 1 . 4 x 10 - 4 Tv Tv 1 .0
38 8 . 5 x 1 0 “ 4 4 . 2 x 10 _ 1 Q a l / T v Pzc 0 . 0 0 2
39 1 . 6 x 1 0 “ 4 6 . 2 X 1 0 ” 5 Tv(  r ) Tv 2 . 5
40 9 . 7 X 1 0 " 3 9 . 2 x 1 0 “ 3 T v ( r ) Tv 1 . 0
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Absolute residual head,upper layer 
0  0 to 10 meters 1 20 to 50 meters
A  10 to 20 meters O  50 to 100 meters
. . . .  . . A  >, 100 meters  Model zone boundary
F i g u r e  1 4 a . — D i s t r i b u t i o n  a n d  a b s o l u t e  m a g n i t u d e  o f  mode l
r e s i d u a l s  f o r  t h e  u p p e r  m o d e l  l a y e r .
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Absolute residual head,lower layer 
%  0 to 10 meters H  20 to 50 meters
A  10 to 20 meters O 50 to 100 meters
 ̂ , . A>, 100 meters  Model zone boundary
F i g u r e  1 4 b . — D i s t r i b u t i o n  and  a b s o l u t e  m a g n i t u d e  o f  m od e l
r e s i d u a l s  f o r  t h e  l o w e r  m od e l  l a y e r .










Absolute residual head,vertical difference 
O  0 to 5 meters <0>1° t0 20 meters
A  5 to 10 meters > 20 meters
  Model zone boundary
F i g u r e  1 4 c . — D i s t r i b u t i o n  and a b s o l u t e  m a g n i t u d e  o f  model  
r e s i d u a l s  f o r  t h e  v e r t i c a l  d i f f e r e n c e  between  
t h e  upper  and lower model l a y e r s .
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r e s i d u a l s  f o r  t h e  m ode l ,  f i g u r e s  15a and 15b show h i s t o g r a m s  
o f  t h e  r e s i d u a l s ,  and t a b l e  3 shows t h e  b a s i c  s t a t i s t i c s  of  
t h e  r e s i d u a l s .  In g e n e r a l ,  r e s i d u a l  heads f o r  both  l a y e r s  
a r e  in t h e  r an ge  o f  +J5 m, and most f a l I  w i t h i n  one s t a n d a r d  
d e v i a t i o n  o f  t h e  mean f o r  each l a y e r .  Anoma lous l y  l a r g e  
r e s i d u a l s  a r e  commonly a s s o c i a t e d  w i t h  zone b o u n d a r i e s  
a n d / o r  a r e a s  o f  s t e e p  h y d r a u l i c  g r a d i e n t .  The c a l i b r a t i o n  
p r o c e s s  was c o m p l e t e d  when t h e r e  was no j u s t i f i c a t i o n  f o r  
p a r a m e t e r  m o d i f i c a t i o n  t o  i n s u r e  s m a l l e r  r e s i d u a l s .
Because o f  t h e  n o n - u n i q u e n e s s  o f  t h e  m o d e l i n g  p r o c e s s ,  
a check s ho u ld  be made on t h e  c a l i b r a t e d  m o de l .  C a l i b r a t i o n  
can be checked by c ompa r i ng  s i m u l a t e d  t r a n s m i s s i v i t y  v a l u e s  
and t h e  g e o m e t r i c  mean o f  measured t r a n s m i s s i v i t i e s  ( t a b l e  
4 ) .  G e o m e t r i c  means a r e  used because o f  t h e  w i d e  r ange  o f  
measured v a l u e s  found in n a t u r a l  systems a t  a p a r t i c u l a r  
I o c a t  i o n .
T r a n s m i s s i v i t i e s  used in model s i m u l a t i o n s  a g r e e  w i t h  
t h o s e  measured in t h e  f i e l d  w i t h i n  an o r d e r  o f  m a g n i t u d e ,  
w i t h  t h e  e x c e p t i o n  o f  t h e  c a r b o n a t e  r oc k s  b e n e a t h  Yucca  
F l a t .  Bore  h o l e  and g r a v i t y  d a t a  i n d i c a t e  t h a t  a m a j or  
n o r t h - s o u t h  f a u I t / f r a c t u r e  system e x i s t s  b e n e a t h  c e n t r a l  
Yucca F l a t .  I t  I s  p o s s i b l e  t h a t  a q u i f e r  t e s t s  done in Yucca 
F l a t  do not  a d e q u a t e l y  measure  t h e  g r os s  a q u i f e r  
p e r m e a b i l i t y  because o f  a q u i f e r  c ompa r t me nt a I  I z a t i o n  and
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M i d p o i n t  Count  ( ea ch  is one o b s e r v a t i o n )
- 1 3 0 . 0
- 1 2 0 . 0
- 1 1 0 . 0






- 9 0 . 0 1 *
- 8 0 . 0 3 * * *
- 7 0 . 0 1 * 66% o f  r e s i d u a l s  a r e
- 6 0 . 0 2 * * between - 1 5 . 0  and + 1 5 . 0
- 5 0 . 0 1 * m e t e r s
- 4 0 . 0 1 *
- 3 0 . 0 3 * *  *
- 2 0 . 0 5 * * * * *
- 1 0 . 0 13 * * * * * * * * * * * * *
0 . 0 40 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
1 0 . 0 17 * * * * * * * * * * * * * * * * *
2 0 . 0 3 * * *
3 0 . 0 4 * * * *
4 0 . 0 2 *  *
5 0 . 0 2 * *
6 0 . 0 4 * *  *  *
7 0 . 0 - 2 1 3 . 0 3 * * *
t o t a l  = 106
F i g u r e  1 5 a . — H i s t o g r a m  o f  t op  model l a y e r  r e s i d u a l s  
( p a r t i t i o n s  a r e  in m e t e r s ) .
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M i dpo i n t Count  ( each "
- 9 0 . 0 1 *
- 8 0 . 0 0
- 7 0 . 0 1 *
- 6 0 . 0 1 * 63%
- 5 0 . 0 1 *
- 4 0 . 0 0
- 3 0 . 0 0
- 2 0 . 0 1 *
- 1 0 . 0 6 * * * * * *
0 . 0 8 * * * * * * * *
1 0 . 0 3 * *  *
2 0 . 0 0
3 0 . 0 2 * *
4 0 . 0 1 *
5 0 . 0 1 *
6 0 . 0 1 *
* "  is one o b s e r v a t i o n )
o f  r e s i d u a l s  a r e  between  
and + 1 5 . 0  m e t e r s
t o t a l  = 27
- 1 5 . 0
F i g u r e  1 5 b . — H i s t o g r a m  o f  bot tom l a y e r  r e s i d u a l s  ( p a r t i t i o n s  
a r e  i n m e t e r s ) .
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T a b l e  3 . — B a s i c  s t a t i s t i c s  f o r  model r e s i d u a l s .
[ r e s i d u a l s  in m e t e r s ,  equal  t o  s i m u l a t e d  heads minus  
o b s e r v e d  heads;  v e r t i c a l  d i f f e r e n c e  is wher e  top  and bot tom  
l a y e r  o b s e r v a t i o n  p o i n t s  c o i n c i d e ]
Count  Mean S t a n d a r d  Minimum Maximum
Dev I a t  i on
Top l a y e r  106 0 . 4 0  3 7 . 6 9  - 1 3 0 . 6 2  2 1 3 . 8 0
Bot tom l a y e r  27 - 4 . 2 2  3 4 . 1 8  - 8 7 . 7 9  5 6 . 5 5
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T a b l e  4 . — Compar ison o f  s i m u l a t e d  and mean measured
t ransm i ss i v i t  i e s .
[ R e p o r t e d  t r a n s m i s s i v i t i e s  a r e  g e o m e t r i c  means o f  measured  
v a l u e s ;  T,  t r a n s m i s s i v i t y  in s q u a r e  m e t e r s  per  da y]
Zone T,  upper  Mean T T,  lower Mean T
model model
l a y e r  l a y e r
22  8 . 4 8 X 1 0 - 3  2 . 6 0 X 1 0 ” 3 5 . 3 0 x 1 0 _ 4  2 . 6 0 x 1 0 " 3
33  3 . 6 9 x  10""2 1 . 0 8 X 1 0 - 3  2 . 1 2 x 1 0 “ 4 1 . 3 9 x 1 0 ~ 3
3 8  8 . 5 0 x 10 - 4  9 . 3 2 x 1 0 ~ 4 4 . 2 5 X 1 0 - 1  2 . 2 9 x 1 0 “ 3
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f r a c t u r e  f l o w .  T h e r e f o r e ,  t r a n s m i s s i v i t i e s  may be h i g h e r  in
Yucca F l a t  th a n  t h o s e  i n d i c a t e d  by pumping t e s t s .
S i m u l a t e d  P a r a m e t e r s
T r a n s m I s s I v  i 1 1 e s . S i m u l a t e d  upper  l a y e r
2t r a n s m i s s i v i t i e s  ( t a b l e  2)  r ange  f rom 0 . 5  m / s  ( m e t e r s
s qua re d per  second)  in t h e  Amargosa F l a t  a r e a  ( z o n e  9,
- 9  2a l l u v i u m )  t o  1 . 5 x 1 0  m / s  a t  t h e  n o r t h  end o f  Yucca
M o u n t a i n  ( z o n e  28 ;  v o l c a n i c  r o c k s ) .  S i m u l a t e d  lower  model
2 2l a y e r  t r a n s m i s s i v i t i e s  ( t a b l e  2)  r ange  f rom 0 . 2 7  m m / s  in
Yucca F l a t ,  Amargosa F l a t  and v i c i n i t y  ( z on e s  3 8 ,  6,  and 9;
- 9  2c a r b o n a t e  r o c k s )  t o  1 . 5 x 1 0  m / s  a t  t h e  n o r t h  end o f  Yucca  
M o u n t a i n  ( z o n e  28 ;  v o l c a n i c  ( ? )  r o c k s ) .
V e r t i c a l  L e a ka nc e .  V e r t i c a l  l e a k a n c e  ( t a b l e  5)  ranges  
f rom 5 x 1 0 - 1 7  / s  a t  Yucca M o u n t a i n  and in t h e  Las Vegas  
V a l l e y  ( z o n e s  2 8 ,  3 3 ,  and 19,  and zone 2 1 ,  r e s p e c t i v e l y )  t o  
2 x 1 0 “ 10 / s  in zone 6 .  T h i c k n e s s  a p p e a r s  t o  d o m i n a t e  
v e r t i c a l  l e a k a n c e  in t h e  Yucca M o u n t a i n - T i m b e r  M o u n t a i n  a r e a  
wh er e  v o l c a n i c s  a r e  t h i c k ,  and in t h e  Amargosa D e s e r t  where  
t h e  a l l u v i u m  is  t h i c k  ( s p e c i f i c  e s t i m a t e s  o f  t h i c k n e s s  a r e  
not  a v a i l a b l e  and c a n n o t  be a c c u r a t e l y  e s t i m a t e d ) .  V e r t i c a l  
h y d r a u l i c  c o n d u c t i v i t y  c o n t r o l s  v e r t i c a l  f l o w  in t h e  Pahute  
Mesa a r e a ,  in Yucca F l a t  and in t h e  e a s t e r n  a r e a s .  The low 
v e r t i c a l  l e a k a n c e  v a l u e s  o f  zones 21 and 28 ( La s  Vegas  
V a l l e y  and t h e  n o r t h  end o f  Yucca M o u n t a i n ,  r e s p e c t i v e l y )
E R - 3 4 0 3 62
T a b l e  5 . — S i m u l a t e d  v e r t i c a l  l e a k a n c e .  
[Kv ,  v e r t i c a l  l e a k a nc e  ( p e r  s e c o n d ) ]
Zone Kv
1 1 . 0 x 1 0 “ 14
2 1 .Ox 10” 12
3 1 .Ox 10“ 13
4 2 . 0 x 1 0 “ 12
5 1 .Ox 10” 14
6 2 . Ox 1O " 1°
7 1 .Ox 10” 12
8 1 .Ox 10” 14
9 - 1 22 . 6 x 1 0
10 1 . 0 x 1 0 " 11
1 1 1 .Ox 1 0 " 13
12 1 .Ox 10” 12
13 1 .Ox 1 0 " 12
14 1 .Ox 1 0 " 12
16 -1 35 . 0 x 1 0
16 1 .Ox 1 0 " 13
17 1 .Ox 1 0 " 14
18 1 .Ox 1 0 " 13
19 1 .Ox 1 0 " 15
20 1 .Ox 1 0 " 12
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T a b l e  5 . — S i m u l a t e d  v e r t i c a l  l e a k a n c e — C o n t i n u e d .
Zone Kv
21 1 .Ox 10“ 15
22 1 . 0 x 1 0 " 1 1
23 1 .Ox 10“ 12
24 1 .Ox 10“ 12
25 2 . Ox 10” 12
26 1 .OX 10“ 12
27 2 . Ox 10“ 12
28 5 . Ox 10“ 17
33 1 .Ox 1 0 " 15
34 1 .Ox 1 0 " 14
35 1 .Ox 1 0 " 14
36 4 . Ox 1 0 " 14
38 1 .Ox 1 0 " 12
39 1 .Ox 1 0 " 12
40 -1 44 . 0 x 1 0
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T a b l e  6 . — S i m u l a t e d  r e c h a r g e ,  d i s c h a r g e ,  and a s s o c i a t e d
i i t h o I o g y .
[ f l u x e s  in c u b i c  m e t e r s  per  day ,  n e g a t i v e  number i n d i c a t e s  
d i s c h a r g e ;  Qa I , Q u a t e r n a r y  a l l u v i u m - ,  Tv,  T e r t i a r y  v o l c a n i c  
r o c k s ;  Pzc ,  P a l e o z o i c  c a r b o n a t e  r o c k s ;  Pzq,  P a l e o z o i c  
q u a r t z i t e  r o c k s ;  / ,  i n d i c a t e s  a mixed zone ( u p p e r / I o w e r ) ]
Zone F l u x  L i t h o l o g y
7 - 4 , 1 8 8 . 0 Tv
13 - 5 7 , 4 8 0 . 2 Pzc
18 9 9 7 . 0 Pzq
19 2 , 3 3 2 . 8 Q a I / T v
24 1 9 , 0 2 0 . 6 Tv
25 2 9 , 1 4 2 . 2 Pzc
26 1 6 , 1 2 7 . 4 Pzc
27 1 5 , 9 9 4 . 9 Pzc
29 - 1 4 , 6 6 2 . 4 Qa I
30 - 2 8 , 1 3 7 . 5 Qa I
31 9 6 9 . 4 ------
32 1 , 6 8 4 . 7 ------
37 1 , 0 1 1 . 7 Tv
39 1 1 , 7 6 9 . 5 Tv
40 3 , 7 1 1 . 2 Tv
C o n s t a n t  Head ■ - 1 , 7 0 6 . 7
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may be a t t r i b u t e d  t o  low p e r m e a b i l i t y  f a u l t  zon es .  Lack of  
d e f i n i t i o n  o f  t h e  v e r t i c a l  l e a ka nc e  l a y e r  is  due t o  t h e  lack  
o f  t h r e e - d i m e n s i o n a l  d a t a ,  and t o  unknowns c o n c e r n i n g  
v e r t i c a l  v a r i a t i o n s  in t h e  h y d r o g e o l o g y .
Rechar ge  and D i s c h a r g e .  The v o l u m e t r i c  budget  o f  t h e  
computer  model is t h e  sum t h e  component  r e c h a r g e  and 
d i s c h a r g e  f l u x e s ,  and i n d i c a t e s  i f  t h e  computer  model is  
s t a b l e .  For t h e  f i n a l  c a l i b r a t e d  model t h e  p e r c e n t  
d i s c r e p a n c y  in t h e  v o l u m e t r i c  budget  was 0 .0 1%  
( c h a r a c t e r i s t i c  o f  a s t a b l e  m o d e l ) .
3
S i m u l a t e d  r e c h a r g e  ( t a b l e  6)  r anges  f rom 2 9 , 1 4 2  m / d  on
3
t h e  Sheep Range ( z o n e  2 5)  t o  969 m / d  as r e c h a r g e  f rom  
Pahrump V a l l e y  ( z o ne  3 1 ) .  Recharge  a l o n g  F o r t y m i l e  Wash and
3
F o r t y m i l e  Canyon Is  e s t i m a t e d  t o  be 6 , 0 4 4  m / d  (sum o f  zones  
19 and 4 0 ) ,  or  a p p r o x i m a t e l y  6% o f  t h e  t o t a l  r e c h a r g e .  
S i m u l a t e d  d i s c h a r g e  r ange s f rom 2 8 , 1 3 7  m e t e r s  c u b e d / d a y  a t  
A l k a l i  F l a t  ( z o n e  3 0)  t o  4 , 1 8 8  m e t e r s  c u b e d / d a y  in O a s i s  
V a l l e y  ( z o n e  7 ) .  D i s c h a r g e  a t  Ash Meadows is  documented,  
t h e r e f o r e  I t  was h e l d  c o n s t a n t  t h r o u g h o u t  t h e  m o d e l i n g  
p r o c e s s .
V e r t  I c a I  f I u x e s . S i m u l a t e d  v e r t i c a l  f l u x e s  ( t a b l e  7;
e q u i v a l e n t  t o  t h e  amount o f  g r o u n d - w a t e r  t r a n s f e r r e d  between
- 2  3t h e  upper  and lower  model l a y e r s )  r ange s  f rom 2 . 1 x 1 0  m /d  
a t  Yucca M o u n t a i n  ( s p e c i f i c a l l y  zone 19; n e t  upward
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T a b l e  7 . — C u m u l a t i v e  v e r t i c a l  f l u x  between t h e  upper  and 
lower model l a y e r s .
[ c u m u l a t i v e  v e r t i c a l  f l u x  in c u b i c  m e t e r s  per  da y ,  n e g a t i v e
i n d i c a t e s  upward f l o w ]
Zone F I u x
1 OCD1
2 8 5 2 . 4
3 1.1 .9
4 1 3 , 6 8 8 . 5
5 7 . 7
6 - 2 9 , 7 4 2 . 0
7 - 5 6  . 6
8 l -fc. (0 00
9 - 9 1 2 . 7
10 - 8 0 6 . 1
1 1 - 3 0 1 . 3
12 - 2 , 1 9 0 . 2
13 - 1 2 9 . 1
14 - 1 5 2 . 5
15 1 , 4 4 8 . 0
16 - 4 3 2 . 6
17 . 3 9 .  1
18 7 7 . 2
19
OOI
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T a b l e  7 . — C u m u l a t i v e  v e r t i c a l  f l u x  between t h e  upper  and 
lower  model I a y e r s - - C o n t 1n u e d .
Zone F I u x
20 1 , 0 1 4 . 4
21 O 00
22 1 , 7 7 3 . 5
23 - 2 6 3 . 8
24 3 , 9 7 3 . 6
25 4 , 8 3 3 . 7
26 8 2 9 . 7
27 3 , 4 5 8 . 4
28
OO
33 - 0 .  1
34 - 0 . 5
35 1 3 . 0
36 27 . 8
38 468 .2
39 2 , 5 2 1  .5
40 1 8 . 2
E R -3 4 0 3  68
3
movement)  t o  2 9 , 7 0 0  m / d  In zone 6 ( n e t  upward movement ) .
In g e n e r a l ,  downward l e a k ag e  o c c u r s  t o  t h e  n o r t h  and e a s t ,  
w h i l e  upward l ea k a g e  o c c u r s  in t h e  s o u t h e r n  and s o u t h w e s t e r n  
a r e a s .
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S e n s i t i v i t y  A n a l y s i s  
O b j e c t i v e  and Methods
The o b j e c t i v e  o f  t h e  s e n s i t i v i t y  a n a l y s i s  is  t o  
e v a l u a t e  t h e  s e n s i t i v i t y  o f  t h e  model t o  changes in 
t r a n s m i s s i v i t y ,  v e r t i c a l  l e a k a n c e ,  r e c h a r g e ,  and d i s c h a r g e .  
T h i s  a n a l y s i s  d e t e r m i n e s  wh ic h p a r a m e t e r s  a r e  most i m p o r t a n t  
in t h e  c a l i b r a t i o n  p r o c e s s ,  and t h e r e f o r e ,  d e t e r m i n e s  i f  
more s t u d i e s  a r e  needed t o  e v a l u a t e  t h e s e .
The s e n s i t i v i t y  a n a l y s i s  was p e r f o r m e d  on' a z o n e - b y -  
zone b a s i s .  Each zonal  p a r a m e t e r  was i n c r e a s e d  by 26%,
h o l d i n g  a l l  o t h e r  p a r a m e t e r s  a t  t h e i r  " c a l i b r a t e d "  s t a t e .
The model was t he n  r e v i s e d ,  and t h e  new r e s i d u a l s  were  
r e c o r d e d  a t  t h e  o b s e r v a t i o n  c e l l s .  D i f f e r e n t i a l  r e s i d u a l s  
w er e  c a l c u l a t e d  f rom t h e  d i f f e r e n c e  between t h e  new 
r e s i d u a l s  and t h e  c a l i b r a t e d  r e s i d u a l s :
DR = Rn -  Rc
wher e
DR is t h e  d i f f e r e n t i a l  r e s i d u a l  ( L ) ;
Rn is t h e  new r e s i d u a l  o b t a i n e d  a t  each o b s e r v a t i o n
c e l l  a f t e r  an I n c r e a s e  o f  26% o f  a model p a r a m e t e r  
( L ) ;  and
Rc is  t h e  base r e s i d u a l  o f  t h e  " c a l i b r a t e d "  model ( L ) .  
R e s u I t s
The c o m p l e t e  r e s u l t s  o f  t h e  s e n s i t i v i t y  a n a l y s i s  a r e
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c o n t a i n e d  in a p p e n d i x  A. An example  o f  r e s u l t s  f rom t h e  
s e n s i t i v i t y  a n a l y s i s  is  shown in f i g u r e  1 6 a - f .  The o v e r a l l  
r e l a t i v e  i m p o r t a n ce  o f  p a r a m e t e r s  is :
Q >> T > Kv
as d e t e r m i n e d  f rom t h e  s e n s i t i v i t y  p l o t s  (Q is r e c h a r g e  and 
d i s c h a r g e ,  T is t r a n s m i s s i v i t y ,  and Kv is v e r t i c a l  
l e a k a n c e ) .  I t  a p p e a r s  t h a t ,  f o r  t h e  upper  model l a y e r ,  t h e  
r e l a t i v e  o r d e r  o f  i m p o r t a n ce  i s :
Q > T ( u p p e r  model l a y e r ) ,  Kv > T ( l o w e r  model l a y e r ) .
For  t h e  lower model l a y e r  t h e  r e l a t i v e  o r d e r  o f  i mpo r t a nc e  
i s :
Q > T ( u p p e r  and lower model l a y e r s )  > Kv.
The s e n s i t i v i t y  o f  model p a r a M e t e r s  t o  changes in 
r e c h a r g e  and d i s c h a r g e  is on t h e  o r d e r  o f  50 t o  100 m e t e r s .  
For t r a n s m i s s i v i t y ,  t h e  m a g n i t u d e  o f  s e n s i t i v i t y  Is on t h e  
o r d e r  o f  2 t o  15 m e t e r s ,  and f o r  v e r t i c a l  l e a k a n c e  t h e  range  
is  between 0 . 1  t o  15 m e t e r s .
Most  o t h e r  zones In t h e  mode l ,  f o r  both  upper  and lower  
model l a y e r s ,  a r e  e f f e c t e d  s i g n i f i c a n t l y  by t h e  m a g n i t u d e  of  
t h e  d i s c h a r g e  a t  Ash Meadows ( z one  1 3 ) ;  t h e r e f o r e ,  t h e  
h y d r o g e o l o g y  o f  Ash Meadows needs t o  be b e s t  u n d e r s t o o d  
( e r r o r s  in measurement  o f  t h e  d i s c h a r g e  a t  Ash Meadows c o u l d  
e f f e c t  g r e a t l y  t h e  outcome o f  any m o d e l ) .  D i s c h a r g e  a t  
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Sensitiv ity of Upper Zone 33 to Upper Layer Parameters
/  *• rs*
—» a  a
T ran sm iss iv ity  (T) and f lu x  (Q) Zonss
Sensitivity of Upper Zone 28 to Upper Layer Parameters
u i/
a  o
T ran sm iss iv ity  (T) an d  Flux ( 0 )  Zonas
F i g u r e  1 6 a . — S e n s i t i v i t y  o f  u p p e r  m o d e l  l a y e r  z o n e s  28  and
33 in  t h e  v i c i n i t y  o f  Y u c c a  M o u n t a i n  t o  u p p e r
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Sensitivity of Upper Zone 33 to Lower Layer Parameters
mm wm M  N  ^  W
0 0 0 0 0 0 0 0 0 0
0 1
- 2  T
T ran sm iss iv i ty  (T) ond Flu* (Q ) Z o n a l
Sensitivity of Upper Zone 28 to Lower Layer Parameters
Tran s m is s iv i ty  (T) an d  Flux (Q ) Zonss
F i g u r e  1 6 b . — S e ns  1 1 1 v I t y  o f  u p p e r  m o d e l  l a y e r  z o n e s  28  and
33 i n  t h e  v i c i n i t y  o f  Y u c c a  M o u n t a i n  t o  l o w e r
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Sensitiv ity of Upper Zone 28 to Vertical Leakance
20
V e r t ic a l  Leaka nce  (Kv) and D ux  (Q) Zones
Sensitivity of Upper Zone 33  to Vertical Leakance
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V er t ica l  Leakance  (Kv) and D ux  (Q) Zones
F i g u r e  1 6 c . — - S e n s i t i v i t y  o f  u p p e r  m o d e l  l a y e r  z o n e s  28 and
33 in  t h e  v i c i n i t y  o f  Y u c c a  M o u n t a i n  t o  m ode l
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Sensitivity of Lower Zone 33 to Upper Layer Parameters
sola .
o a
Transm issiv ity  (T) and Flux (Q) Zones
Sensitivity of Lower Zone 28 to Upper Layer Parameters
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Transm issiv ity  (T) and Flux ( 0 )  Zones
F i g u r e  16 d . — S e n s i t i v i t y  o f  l o w e r  m o d e l  l a y e r  z o n e s  28 and
33 i n  t h e  v i c i n i t y  o f  Y u c c a  M o u n t a i n  t o  u p p e r
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Transm issiv ity  (T) and Flux (Q) Zones
F i g u r e  1 6 e . — S e n s i t i v i t y  o f  l o w e r  m o d e l  l a y e r  z o n e s  28  and
33 In  t h e  v i c i n i t y  o f  Y u c c a  M o u n t a i n  t o  l o w e r
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Sensitivity of  lower zone 33 to Vertical Leakance
0 6 -7
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Vertica l Leakance and Flux zones (KvsVert .  Leak.,  Q=flux)
Sensitivity of lower zone 28 to Vertical Leakance
o> o
0.5
Vert ica l Leakance and Flux zones (Kv=Vert.  Leak.,  Q = Mux)
F i g u r e  1 6 f . — S e n s i t i v i t y  o f  l o w e r  m o d e l  l a y e r  z o n e s  28 and
33 i n  t h e  v i c i n i t y  o f  Y u c c a  M o u n t a i n  t o  m ode l
v e r t i c a l  l e a k a n c e .
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a c c o r d i n g  t o  s e n s i t i v i t y  t e s t s ,  and p o o r l y  u n d e r s t o o d  b a s i n  
p a r a m e t e r s .  In a d d i t i o n ,  t h e  assu mp t i on  o f  b a s i n  
equ i I i br  i urn may not  be v a I  i d .
The s e n s i t i v i t y  a n a l y s i s  a l s o  s ug g e s t s  t h a t  t h e  
t r a n s m i s s i v i t i e s  o f  zones 1 and 8 ( C r a t e  F l a t  and t h e  
Amargosa D e s e r t )  a r e  i m p o r t a n t  t o  t h e  e n t i r e  f l o w  system  
( t h e  upper  model l a y e r  is more i m p o r t a n t  t ha n  t h e  lower  
model l a y e r  in t h i s  c a s e ) .  On a l o c a l  s c a l e ,  i m p o r t a n t  
p a r a m e t e r s  e f f e c t i n g  t h e  f l o w  system a t  Yucca M o u n t a i n  
( f i g u r e  1 6 a - f )  a r e ,  in a d d i t i o n  t o  r e c h a r g e  and d i s c h a r g e ,  
t h e  t r a n s m i s s i v i t i e s  o f  zones 1 and 8 o f  t h e  upper  model  
I a y e r .
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Summary and C o n c l u s i o n s  
The purpose  o f  t h i s  s t u d y  was t o  e s t i m a t e  t h e  m a g n i t u d e  
and d i r e c t i o n  o f  g r o u n d - w a t e r  f l o w  in t h e  Deat h V a l l e y  
G r o u n d - W a t e r  B a s i n ,  t o  e v a l u a t e  t h e  s e n s i t i v i t y  o f  t h e  
r e g i o n a l  f l o w  system t o  r e c h a r g e  and d i s c h a r g e  amounts,  and 
changes in t r a n s m i s s i v i t y  and v e r t i c a l  l e a k a n c e ,  and t o  
e v a l u a t e  t h e  a p p l i c a b i l i t y  o f  t h r e e - d i m e n s i o n a l  m o d e l i n g  t o  
t h e  D ea th  V a l l e y  Gr ou n d- Wa t er  B a s i n .  To a c h i e v e  t h e s e  
g o a l s ,  h y d r o g e o l o g i c a l ,  h ydr og eo ch emi ca l  * and g e o p h y s i c a l  
d a t a  we r e  g a t h e r e d ,  i n t e r p r e t e d ,  and i n t e g r a t e d  i n t o  a 
t h r e e - d i m e n s i o n a l ,  c o n c e p t u a l  mode l .
The c o n c e p t u a l  model was t he n t r a n s l a t e d  i n t o  a 
m a t h e m a t i c a l ,  f i n i t e - d i f f e r e n c e  a p p r o x i m a t i o n  o f  t h e  f l o w  
s ys te m.  C a l i b r a t i o n  o f  t h e  d i g i t a l  model i n v o l v e d  
s e n s i t i v i t y  a n a l y s e s  and a t r i a  I - a n d - e r r o r  a p p r o a c h .  A 
f i n a l  s e n s i t i v i t y  a n a l y s i s  d e t e r m i n e d  key a r e a s  and 
p a r a m e t e r s  wh ic h s ho u ld  be i n v e s t i g a t e d  in more d e t a i l .
The h y d r o g e o l o g y  o f  t h e  Death  V a l l e y  G r ou n d- Wa t er  Bas i n  
i n d i c a t e s  t h a t  two m a j or  f l o w  systems a r e  p r e s e n t .
C o n c e p t u a l l y ,  t h e  g r o u n d - w a t e r  b a s i n  can be t h o u g h t  o f  as a 
s e r i e s  o f  i n t e r m o n t a n e  b a s i n s  In wh ic h l o c a l i z e d  g r o u n d­
w a t e r  f l o w  o c c u r s  in a l l u v i a l  d e p o s i t s  and v o l c a n i c  r o c k s .  
The l o c a l  system is u n d e r l a i n  by a r e g i o n a l  f l o w  system in
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wh ic h g r o u n d - w a t e r  f l o w  o c c u r s  in v o l c a n i c  and c a r b o n a t e  
r o c k s .  The h y d r o s t r a t i g r a p h i c  u n i t s  o f  t h e  g r o u n d - w a t e r  
b a s i n  i n c l u d e ,  f rom bot t om t o  t o p ,  t h e  lower  c l a s t i c  
a q u i t a r d ,  t h e  lower  c a r b o n a t e  a q u i f e r ,  t h e  upper  c l a s t i c  
a q u i t a r d ,  t h e  upper  c a r b o n a t e  a q u i f e r ,  t h e  v o l c a n i c  a q u i f e r s  
and a q u i t a r d s ,  and t h e  a l l u v i a l  a q u i f e r s  and a q u i t a r d s .
The h y d r o c h e m I s t r y  o f  t h e  g r o u n d - w a t e r  b a s i n  s u p p o r t s  
t h e  two f I o w - s y s t e m  c o n c e p t .  C a l c i u m - m a g n e s i u m - b i c a r b o n a t e  
w a t e r  is c h a r a c t e r i s t i c  o f  t h e  c a r b o n a t e  a q u i f e r s  and 
a l l u v i u m  w i t h  c a r b o n a t e  d e t r i t u s .  S o d i u m - p o t a s s i u m -  
b i c a r b o n a t e  w a t e r  is c h a r a c t e r i s t i c  o f  ground w a t e r  found in 
v o l c a n i c  a q u i f e r s  and a l l u v i a l  a q u i f e r s  w i t h  v o l c a n i c  
d e t r i t u s .  M i x i n g  o f  t h e s e  two t y p e s  o f  ground w a t e r  o c c u r s  
in a l l u v i u m  w i t h  c a r b o n a t e  and v o l c a n i c  d e t r i t u s ,  in a r e a s  
o f  v e r t i c a l  l e a k a g e ,  or  in a r e a s  o f  g r o u n d - w a t e r  d i s c h a r g e .
G r a v i t y  s u r v e y s  a i d  in t h e  d e t e r m i n a t i o n  o f  s u b s u r f a c e  
s t r u c t u r a l  f e a t u r e s ,  and i n d i c a t e  r e l a t i v e  a l l u v i a l  a n d / o r  
v o l c a n i c  t h i c k n e s s .  G r a v i t y  d a t a  c an no t  be used t o  
e s t i m a t e  a c c u r a t e l y  a I I u v i a  I / v o I  c a n i c  t h i c k n e s s  because o f  
u n c e r t a i n t i e s  c o n c e r n i n g  l i t h o l o g i c  d e n s i t i e s .
G r o u n d - w a t e r  movement is g e n e r a l l y  c o n t r o l l e d  by t h e  
p r e s e n c e  o f  low p e r m e a b i l i t y  u n i t s  such as t h e  lower  c l a s t i c  
a q u i t a r d ,  l a c u s t r i n e  d e p o s i t s ,  or  f a u l t  gouge.  The s p r i n g  
d i s c h a r g e  a t  Ash Meadows and in Death  V a l l e y  a r e  a r e a s  where
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low p e r m e a b i l i t y  u n i t s  cause  g r o u n d - w a t e r  d i s c h a r g e .
A t w o - l a y e r  model was used t o  r e p r e s e n t  t h e  g r o u n d­
w a t e r  f l o w  syst em.  The upper  model l a y e r  I n c l u d e s  t h e  
v o l c a n i c  and a l l u v i a l  a q u i f e r s  ( wher e  p r e s e n t ) ,  and t h e  
lower  model l a y e r  i n c l u d e s  t h e  upper  and lower  c a r b o n a t e  
a q u i f e r s .  A v e r t i c a l  l e a k a n ce  l a y e r  r e p r e s e n t s  t h e  
c o m p o s i t e  e f f e c t s  o f  low p e r m e a b i l i t y  u n i t s ,  a n d / o r  t h e  
t h i c k n e s s  and v e r t i c a l  c o n d u c t i v i t y  o f  t h e  upper  and lower  
f I o w  s y s t e m s .
The t h r e e - d i m e n s i o n a l  model s i m u l a t e d  t h e  o b se r ve d  
p o t e n t i o m e t r i c  s u r f a c e s  w i t h  a good d e g r e e  o f  a c c u r a c y .  The 
m a j o r i t y  o f  t h e  r e s i d u a l  heads a r e  in t h e  ^ 15  m r a n g e .  In 
a d d i t i o n ,  t r a n s m i s s i v i t i e s  used in model s i m u l a t i o n s  a g r e e  
w e l l  w i t h  t h e  g e o m e t r i c  mean o f  measured t r a n s m i s s i v i t i e s .  
L a r g e  h y d r a u l i c  g r a d i e n t s  a r e  a s s o c i a t e d  w i t h  low 
t r a n s m i s s i v i t y  u n i t s ,  and s mal l  h y d r a u l i c  g r a d i e n t s  a r e  
a s s o c i a t e d  w i t h  h i g h  t r a n s m i s s i v i t y  u n i t s .  The amount o f  
v e r t i c a l  l ea k a g e  is c o n t r o l l e d  by r e c h a r g e  and d i s c h a r g e ,  
t h e  d i f f e r e n c e  between upper  and lower  model l a y e r  
t r a n s m i s s i v i t i e s ,  and t h e  v e r t i c a l  l e a k a n c e .  Rechar ge  a lon g  
F o r t y m i l e  Canyon and F o r t y m i l e  Wash was s i m u l a t e d  t o  be 
ab ou t  6% o f  t h e  t o t a l  r e c h a r g e .
The s o u r c e s  o f  e r r o r  in t h e  s i m u l a t e d  p o t e n t  I o m e t r i c  
s u r f a c e s  i n c l u d e :
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1. The p r o x i m i t y  o f  o b s e r v a t i o n  c e l l s  t o  s t e e p  
gr ad i e n t s ;
2 .  t h e  p r o x i m i t y  o f  o b s e r v a t i o n  c e l l s  t o  zonal  
b o u n d a r i e s  ( s p e c i f i c a l l y ,  a l a r g e  c o n t r a s t  in 
m a t e r i a l  p r o p e r t i e s  ( t r a n s m i s s i v i t y / f l u x )  a t  zonal  
b o u n d a r i e s  is p r o b a b l y  u n r e a l i s t i c ) ;
3 .  t h e  d e g r e e  t o  wh ich  an o b s e r v a t i o n  w e l l
and t h e  a s s o c i a t e d  c e l l  c e n t e r  do not  c o i n c i d e ;
4 .  t h e  Iack  o f :
a .  head d a t a ,
b.  geochemica l  d a t a ,
c .  r e c h a r g e / d  I s c h a r g e  r a t e s  and d i s t r i b u t i o n ,
_d . m a t e r i a l  p r o p e r t i e s  ( hydrau I i c c ond uc t  i v i t y  , 
e t c . ) ;  and
5.  o t h e r  unknown h y d r o g e o l o g i c a l  c o n d i t i o n s  which  
e f f e c t  t h e  f l o w  syst em.
The s e n s i t i v i t y  a n a l y s i s  i n d i c a t e s  t h a t  a r e a s  o f  
r e c h a r g e  and d i s c h a r g e  need t o  be i n v e s t i g a t e d  In more  
d e t a i l .  S p e c i f i c a l l y ,  d i s c h a r g e  a t  Ash Meadows and A l k a l i  
F l a t  is  i m p o r t a n t ,  and r e c h a r g e  in F o r t y m i l e  Canyon and 
F o r t y m i l e  Wash, on P a hu te  Mesa,  and on m o u n t a i n  r ange s  a lon g  
t h e  e a s t e r n  m a rg i n  o f  t h e  f l o w  system is i m p o r t a n t .  The 
upper  model l a y e r  t r a n s m i s s i v i t i e s  a r e  more I m p o r t a n t  
r e l a t i v e l y  t ha n  lower model t r a n s m i s s i v i t i e s .  I m p o r t a n t
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t r a n s m i s s i v e  zones a f f e c t i n g  t h e  Yucca M o u n t a i n  a r e a  i n c l u d e  
t h e  a r e a s  o f  t h e  Amargosa D e s e r t  and C r a t e r  F l a t .
A t h r e e - d i m e n s i o n a l  m o d e l i n g  appr oach t o  t h e  D eat h  
V a l l e y  G r o u nd - Wa t e r  B as in  Is v a l i d  because o f  known v e r t i c a l  
v a r i a t i o n s  in h y d r a u l i c  head.  However ,  t h e  lack  o f  d a t a  f o r  
t h r e e - d i m e n s i o n a l  i n f o r m a t i o n  l i m i t s  success  o f  t h e  m od e l i n g  
e f f o r t .  For  r e g i o n a l  m o d e l i n g  p u rp o s e s ,  a t w o - d i m e n s i o n a l  
r e p r e s e n t a t i o n  o f  t h e  g r o u n d - w a t e r  f l o w  system is more  
a p p r o p r i a t e  and a d e q u a t e .
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D i s c u s s i o n  and Recommendat ions
The h y d r o g e o l o g y  o f  t h e  D ea th  V a l l e y  Gr o un d- Wa t er  B as i n  
i s  e x t r e m e l y  complex a t  both  r e g i o n a l  and l o c a l  s c a l e s .  
S t r u c t u r a l  g e o l o g y  and s t r a t i g r a p h y  a r e  e q u a l l y  i m p o r t a n t  
c o n t r i b u t o r s  t o  t h e  p h y s i c a l  c o n d i t i o n  o f  t h e  f l o w  syst em.  
U n c e r t a i n t i e s  abou t  t h e  h y d r o g e o l o g y  o f  t h e  f l o w  system  
i n c l u d e  t h e  d i s t r i b u t i o n  and m a g n i t u d e  o f  r e c h a r g e ,  t h e  
m a g n i t u d e  o f  d i s c h a r g e ,  t h e  d i s t r i b u t i o n  and m a g n i t u d e  o f  
h y d r a u l i c  c o n d u c t i v i t y  and s a t u r a t e d  t h i c k n e s s ,  and boundary  
c o n d i t i o n s .  The a ss ump t io n  t h a t  a porous media  model can 
a c c u r a t e l y  d e s c r i b e  t h e  Deat h V a l l e y  f l o w  system may be 
e r r o n e o u s .  D e t e r m i n i s t i c  a n d / o r  s t o c h a s t i c  models  t a k i n g  
i n t o  a c c o u n t  f r a c t u r e  f l o w  w i l l  p r o b a b l y  need t o  be 
d e v e l o p e d ,  e s p e c i a l l y  when m o d e l i n g  is done a t  a l o ca l  
s c a l e .  Because v e r t i c a l  v a r i a t i o n s  in head a r e  known t o  
e x i s t  t h r o u g h o u t  t h e  a r e a ,  t h r e e - d i m e n s i o n a l  m o d e l i n g  is a 
v a l i d  a p p r o a c h ,  and s hou ld  c o n t i n u e  t o  be employed,  
p a r t i c u l a r l y  a t  t h e  l o c a l  s c a l e .  Due t o  d a t a  c o n s t r a i n t s ,  
t w o - d i m e n s i o n a l  m o d e l i n g  o f  t h e  r e g i o n a l  f l o w  system is  
p r o b a b l y  more a p p r o p r i a t e .
A good c a l i b r a t i o n  o f  t h e  t h r e e  d i m e n s i o n a l  
f l o w  system has been a c h i e v e d  c o n s i d e r i n g  t h e  q u a n t i t y  and 
q u a l i t y  o f  t h e  a v a i l a b l e  h y d r o g e o l o g i c a l  d a t a .  The model  
t e n d s  t o  c o n f i r m  t h e  proposed c o n c e p t u a l  m ode l ,  and t h e
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model a l l o w s  t h e  h y d r o g e o l o g i s t  t o  e v a l u a t e  p o s s i b l e  
h y d r o g e o l o g i c a l  c o n d i t i o n s .  F u t u r e  a p p l i c a t i o n s  o f  t h i s  
model I n c l u d e :  ( 1 )  s i m u l a t i o n  o f  v a r i o u s  pa I e o h y d r o I o g i c a I  
s c e n a r i o s  and ( 2 )  s i m u l a t i o n  o f  t h e  e f f e c t s  o f  i n c r e a s e d  
g r o u n d - w a t e r  pumpage in t h e  a r e a .
Rec har ge  and d i s c h a r g e  a r e a s  need t o  be i n v e s t i g a t e d  in 
d e t a i l .  Recharge  a t  Pa hut e  Mesa is p o o r l y  u n d e r s t o o d ,  and 
y e t  is one o f  t h e  most i m p o r t a n t  p a r t s  o f  t h e  f l o w  syst em.  
D i s c h a r g e  a t  Ash Meadows and A I k a I  i F l a t  need t o  be s t u d i e d  
in more d e t a i l .  F u t u r e  i n v e s t i g a t i o n s  s ho u ld  not  d i s r e g a r d  
t h e  e a s t e r n  h a l f  o f  t h e  f l o w  system ( t h e  Ash Meadows sub­
b a s i n ) ,  however i n v e s t i g a t i o n s  shou ld  e m pha si ze  c o n d i t i o n s  
e x i s t i n g  in t h e  w e s t e r n  h a l f .  The a s su mp t i on  t h a t  t h e  f l o w  
system is in e q u i l i b r i u m  needs t o  be e v a l u a t e d .  For t h e  
Yucca M o u n t a i n  a r e a ,  d e t a i l e d  i n v e s t i g a t i o n s  s hou ld  focus  
on:  ( 1 )  p o s s i b l e  r e c h a r g e  a l o n g  F o r t y m i l e  Canyon and 
F o r t y m i l e  Wash, ( 2 )  t h e  n a t u r e  o f  t h e  low p e r m e a b i l i t y  zone  
a t  t h e  n o r t h  end and on t h e  e a s t  s i d e  o f  Yucca M o u n t a i n ,  and 
( 3 )  t h e  Amargosa D e s e r t - C r a t e r  F l a t  a r e a  and t h e  Timber  
M o u n t a I n - P a h u t e  Mesa a r e a .
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Sens i 11v i t y  p i o t s . A s e n s i t i v i t y  a n a l y s i s  was 
p e r f o r m e d  on t h e  c a l i b r a t e d  m ode l .  P l o t s  we r e  made o f  t h e  
d e v i a t i o n  o f  r e s i d u a l  head f rom c a l i b r a t e d  r e s i d u a l  head f o r  
a p a r t i c u l a r  o b s e r v a t i o n  node w i t h  r e s p e c t  t o  a 25% i n c r e a s e  
in a l l  o t h e r s  model p a r a m e t e r s .  V a l u e s  f o r  f l u x  zones a r e  
not  shown f o r  s e n s i t i v i t y  t o  lower model l a y e r  
t r a n s m i s s i v i t i e s  and v e r t i c a l  l ea k a n c e s  p l o t s .  The t i t l e  o f  
each p l o t  i n d i c a t e s  t h e  zone in q u e s t i o n  and t h e  model  
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T ran sm iss iv ity  (T) and Hux (Q) Zonas
Sensitivity of Upper Zone 8 to Upper Layer Parameters
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Tran sm iss iv ity  (T) and D ux  (Q) Zones
Sensitivity of Upper Zone 11 to Upper Layer Parameters
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Tran sm iss iv ity  (T) and f lux  (Q) Zonss
Sensitivity of Upper Zone 28 to Upper Layer Parameters
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Transmissivity (T) and flux (0 )  Zones
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Tran sm iss iv ity  (T) an d  f lu x  (Q) Zonss
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Tran sm iss iv ity  (T) and  Flux (Q) Zones
Sensitivity of Upper Zone 9 to Upper Layer Parameters
too
5 0
*- a a o
a a
5 0
. Tran sm iss iv ity  (T) an d  Flux (Q ) Zones















E R -3 4 0 3 101
Sensitiv ity of Upper Zone 8 to Upper Layer Parameters
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T ran sm iss iv i ty  (T) and Tlux (Q) Zonss
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Tran sm iss iv ity  (T) and D ux  (Q) Zonss
Sensitivity of Upper Zone 6 to Upper Layer Parameters
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T ran sm iss iv ity  (T) an d  f lu x  ( 0 )  Zonss
Sensitivity of Upper Zone 5 to Lower Layer Parameters
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Tran s m is s iv i ty  (T) and Tlux (Q) Zonss
Sensitivity of Upper Zone 16 to Lower Layer Parameters
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Sensitivity of Upper Zone 33  to Lower Layer Parameters
T ran s m is s iv i ty  (T) an d  H ux  (Q) Zones
Sensitivity of Upper Zone 28 to Lower Layer Parameters
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T ra n s m is s iv i ty  (T) an d  H ux  (Q )  Zonss
Sensitivity of Upper Zone 11 to Lower Layer Parameters
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Sensitiv ity of Upper Zone 17 to Lower Layer Parameters
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Sensitivity of Upper Zone 4 to Lower Layer Parameters
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Sensitivity of Upper Zone 23 to Lower Layer Parameters
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Sensitivity of Upper Zone 36 to Lower Layer Parameters
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Sensitiv ity  of Upper Zone 8 to Lower Layer Parameters
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Sensitivity of Upper Zone 39 to Lower Layer Parameters
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Sensitiv ity of Upper Zone 38 to Lower Layer Parameters
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Ver t ical  Le akance  (Kv) and Dux (Q)  Zones
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V er t ica l  L e aka n ce  (Kv) and Flux ( 0 )  Zones
Sensitivity of Upper Zone 36 to Vertical Leakance
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Sensitivity of Upper Zone 28 to Vertical Leakance
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Sensitiv ity of Upper Zone 7 to Vertical Leakance
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Ver t ica l  Leakance (Kv) and f lux  (Q)  Zones
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Ver t ica l  Le akance  (Kv) and Flux (Q)  Zones
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Sensitiv ity of Upper Zone 38 to Vertical Leakance
20
t z t ■o'
Ver t i ca l  L t a k a n c *  (Kv) and D ux  (Q)  Zonas
Sensitivity of Upper Zone 6 to Vertical Leakance
20
~ * ’2
V er t i ca l  L a a k a n e *  (Kv) and Flux ( 0 )  Zonas





























E R -3 4 0 3 1 24
20





/ IZJL, d fln raA n a a o o o o o o o a- ■ - iu fjr
^
• *  — W  •> > > «• 
t t  w  >
- 1 0
Ver t i ca l  Leakanc#  (Kv) and f lux (Q) Zones



















E R -3 4 0 3 1 25




Ver t i ca l  l e a k o n c e  (Kv) and Tlux ( 0 )  Zones
Sensitivity of Upper Zone 16 to Vertical Leakance
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Sensitiv ity of Lower Zone 38 to Upper Layer Parameters
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Tr ansmiss iv i ty  (T) and Flu*  (Q)  Zones
Sensitivity of Lower Zone 28 to Upper Layer Parameters
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Transmissiv i ty  (T) and  f lux  (Q)  Zones
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Transmiss iv i ty  (T) and Flux (Q) Zones
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Sensitivity of Lower Zone 5 to Upper Layer Parameters
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Tr ansmissiv i ty  (T) an d Flux (Q) Zones
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Sensitivity of Lower Zone 33 to Lower Layer Parameters
20-1
1 0 -
2 2 2 2 
n . . n , £O - N -  *nnnrofTn - a apt* £ £ a a w o o o o o o o o o o
- I Q -
20
Tr an*miss iv i ty  (T) and f lux (Q)  Zones
Sensitivity of Lower Zone 28 to Lower Layer Parameters
10 -
.Fjn£n.-A,
/  • 2 -  ̂  ̂2
/ r h- c:taJnnfTraraTl
fS ̂ „  *" -  *•*!— 8  » a 9t « M < « r > 9>e— rrx «  « [  yj  — — ( x r ^ f N o * ^  •«
►_ >- r I** *~ r I — o o o o ‘" “ >" o*- ' - o o o a o o o o o o
. — 1 — /ir"r711 J     —  —
- I Q - 1——





























E R -3 4 0 3 1 33
Sensitivity of Lower Zone 38 to Lower Layer Parameters
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Sensitivity of Lower Zone 6 to Lower Layer Parameters
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Ver t ica l  Leakance  and f lux z ones  (Kv=Ver t  Leak. .  Q = f lux)
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Sensitivity of tower zone 22 to Vertical Leakance
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Sensitiv ity of lower zone 6 to Vertical Leakance
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Appendix  B— S up p l e m e n t a r y  D ata
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T a b l e  1 . — S u p p l e m e n t a r y  h y d r a u l i c  head d a t a  used in t h e  
model f o r  t h e  upper  l a y e r .  Head is in m e t e r s  above mean sea 
l e v e l .  "Row" i n d i c a t e s  t h e  row number in t h e  f i n i t e  
d i f f e r e n c e  g r i d  (numbered 1 t o  65 s t a r t i n g  a t  t h e  n o r t h  
e n d ) .  "Column" i n d i c a t e s  t h e  column number in th e  f i n i t e  
d i f f e r e n c e  g r i d  (numbered 1 t o  65 s t a r t i n g  a t  t h e  west  e n d ) .  
"Zone" i n d i c a t e s  t h e  zone number in t h e  model ( r e f e r  t o  
f i g u r e  12a in t h e  t e x t ) .  R e f e r e n c e s  f o r  t h i s  d a t a  a r e  
i n d i c a t e d  in t h e  t e x t .
Zone Row Column Measured Head
1 33 16 1 0 2 9 . 0
1 36 15 775 . 6
1 37 15 775 . 5
1 39 10 8 1 6 . 0
1 40 16 731 . 0
1 39 15 775 . 5
1 40 1 1 765 . 5
1 40 18 729 . 2
2 15 34 1 2 8 2 . 0
2 14 36 1 3 0 6 . 0
4 47 48 842 . 5
5 30 29 828 . 3
6 33 35 7 3 4 . 6
6 41 35 7 30 .  1
6 38 37 726 . 0
6 34 35 734 . 3
6 40 34 731 . 1
6 36 34 7 3 4 . 6
7 26 6 801 . 0
8 47 17 7 0 5 . 3
8 50 9 692 . 0
8 50 18 6 9 3 . 5
8 55 18 6 5 5 . 3
8 52 13 687 . 0
8 48 13 6 9 8 . 3
8 59 18 6 2 4 . 8
8 62 21 6 0 6 . 9
8 50 13 6 9 3 .  1
8 59 20 624 . 8
8 49 1 1 6 9 5 . 3
8 49 14 6 9 7 . 9
8 60 18 6 1 5 . 7
8 52 18 6 7 4 . 5
8 61 20 6 0 9 . 3
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T a b l e  1 . — S u p p l e m e n t a r y  h y d r a u l i c  head d a t a  used in t h e  
model f o r  t h e  upper  l a y e r . . . — C o n t i n u e d
Zone Row Column Measured head
8 49 21 720 . 1
8 52 16 684 . 1
8 60 21 6 1 1 . 7
8 50 17 691 . 1
8 61 22 609 . 6
8 47 21 7 1 3 . 1
8 45 10 707 . 6
8 40 25 7 3 2 . 0
8 51 14 688  . 9
8 51 17 685 . 9
8 51 1 1 691 . 9
8 50 1 1 694 . 9
8 53 13 6 7 7 . 9
9 51 28 7 1 6 . 0
9 51 26 701 .0
9 52 28 7 1 5 . 7
9 53 29 7 2 0 .  6
1 1 49 9 694 . 9
1 1 42 7 742 .4
12 54 1 1 6 70 .  5
13 55 25 704 . 0
13 55 24 701 .0
13 57 25 671 . 0
15 50 37 994 . 6
16 52 2 1 5 2 . 5
16 54 3 154.  5
17 21 18 1 2 6 5 . 0
19 39 21 7 2 8 . 4
19 42 21 7 2 6 . 3
21 49 38 9 2 7 . 7
21 49 43 9 7 9 . 9
21 49 41 9 7 5 . 8
21 51 47 939 . 6
22 14 17 1 3 5 2 . 0
22 17 16 1 2 6 8 . 0
22 16 23 1 3 9 5 . 0
22 13 13 1 4 1 3 . 0
22 16 15 1 2 8 0 . 0
22 16 24 1 4 2 5 . 0
22 17 22 1 3 6 2 . 0
22 13 22 1 4 2 4 . 0
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T a b l e  1 . — S up p l e m e n t a r y  h y d r a u l i c  head d a t a  used in t h e  
model f o r  t h e  upper  l a y e r . . . — C o n t i n u e d
Zone Row Column Measured head
22 17 19 1 3 3 5 . 0
22 15 20 1 3 5 8 . 0
22 16 16 1 2 8 0 . 0
22 14 22 1 4 1 9 . 0
22 15 22 1 3 9 4 . 0
22 15 13 1 3 7 9 . 0
23 53 23 671 .0
28 37 16 7 4 6 . 8
28 38 16 7 2 9 . 9
28 34 19 7 3 7 . 5
28 34 17 7 30 .  7
28 38 17 7 3 0 . 7
28 35 16 7 7 4 . 7
28 36 17 7 3 0 . 4
28 35 17 7 3 0 . 5
33 39 18 7 2 9 . 9
33 36 19 7 2 9 . 3
33 35 20 7 2 8 . 6
33 37 19 7 3 0 . 0
33 37 20 728 . 6
33 35 18 7 3 0 . 3
33 39 19 729 .  3
1 40 16 731 .0
33 37 18 7 3 0 .  1
36 32 18 962 .4
38 19 31 7 8 0 . 0
38 23 33 7 4 6 . 3
38 26 33 7 3 8 .  1
38 24 32 7 3 3 . 9
39 13 1 1 1 4 3 3 . 0
40 29 22 1 1 5 3 . 0
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T a b l e  2 . — S u p p l e m e n t a r y  h y d r a u l i c  head d a t a  used in t h e  
model f o r  t h e  lower l a y e r .  Head is in m e t e r s  above mean sea  
l e v e l .  "Row" i n d i c a t e s  t h e  row number in th e  f i n i t e  
d i f f e r e n c e  g r i d  (numbered 1 t o  65 s t a r t i n g  a t  t h e  n o r t h  
e n d ) .  "Column" i n d i c a t e s  t h e  column number In th e  f i n i t e  
d i f f e r e n c e  g r i d  (numbered 1 t o  65 s t a r t i n g  a t  t h e  west  e n d ) .  
"Zone" i n d i c a t e s  t h e  zone number in t h e  model ( r e f e r  t o  
f i g u r e  12b in t h e  t e x t ) .  R e f e r e n c e s  f o r  t h i s  d a t a  a r e  
i n d i c a t e d  in t h e  t e x t .
Zone Row Column Measured Head
5 23 31 797 . 1
5 34 24 758 . 1
6 42 30 7 2 8 . 5
6 48 32 7 2 2 . 4
6 38 38 7 2 6 . 4
9 51 27 7 1 9 . 6
10 47 5 7 2 3 . 9
21 49 33 7 4 5 . 6
21 49 39 8 6 8 . 7
21 49 38 8 8 9 . 6
22 16 24 1423 .0
22 17 16 1 2 8 0 . 0
22 14 17 1 3 6 0 . 0
22 17 22 1 3 5 0 . 0
22 16 23 1 3 9 5 . 0
22 14 22 1 4 0 1 . 0
22 17 19 1 3 4 4 . 0
22 1 3 22 1 4 1 2 . 0
22 15 13 1 3 9 5 . 0
28 37 16 772 .2
28 34 17 784 .7
33 37 19 749 . 2
38 19 31 7 4 0 . 5
38 22 32 7 2 8 . 5
38 31 33 7 2 6 . 3
38 23 33 728 .  1
38 20 31 7 40 .  8
